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Prefac e 

NORTHSUN 90 i s  a  b i a n n u a l  c o n f e r e n c e  o f  t h o s e  c o u n t r i e s  s i t u a t e d a t 
l a t i t u d e s  g r e a t e r  t h a n 4 5  d e g r e e s  n o r t h an d s o u t h o f  t h e  E q u a t o r .  I t 
f i r s t  s t a r t e d i n  S c o t l a n d i n  1 9 8 4 w i t h a  smal l  n u m b e r  o f  p a r t i c i p a n t s ,  an d 
ha s  g r o w n in t o a  s u c c e s s f u l  a s s e m b l y i n  1 9 8 8 i n  S w e d e n ,  f o l l o w i n g t h e 
s e c o n d m e e t i n g i n  1 9 8 6 i n  D e n m a r k . 

T h e  m a i n a i m o f  t h i s  c o n f e r e n c e  i s  t o  p r o v i d e  a  u n i q u e  o p p o r t u n i t y  f o r  t h e 
p a r t i c i p a n t s  f r o m d i f f e r e n t  c o u n t r i e s  o f  h i g h l a t i t u d e s  t o  e x c h a n g e  t h e i r 
i d e a s ,  t o  s h a r e  t h e i r  r e s u l t s  an d t o  p r o m o t e  t o g e t h e r  th e  b e s t  u s e  o f 
s o l a r  e n e r g y . 

T h e  e m p h a s i s  i s  t o w a r d s  b u i l d i n g an d e n e r g y c o n s e r v a t i o n a s  w e l l  a s  d e s i g n 
o r i e n t a t i o n an d c o m f o r t .  A l s o d i s c u s s e d a r e  t h e  r e a l i s a t i o n an d 
u t i l i s a t i o n o f  s o l a r  h e a t i n g d e v i c e s  w i t h spec i a l  c o n s i d e r a t i o n f o r  t h e 
c o o l i n g n e e d s  i n  ho t  c l i m a t e s . 

T h i s  y e a r ,  t h e  U K m e e t i n g h a s  a t t r a c t e d 1 5 0 a b s t r a c t s  f r o m 6 0 c o u n t r i e s . 
O v e r  1 3 0 p e o p l e  a t t e n d e d t h e  m e e t i n g ,  an d 7 9  p a p e r s  w e r e  s e l e c t e d , 
r e p r e s e n t i n g 4 4  c o u n t r i e s ;  n a m e l y ,  A u s t r a l i a ,  B u l g a r i a ,  B e l g i u m ,  B o t s w a n a , 
C h i n a ,  C o l o m b i a ,  C y p r u s ,  C z e c h o s l o v a k i a ,  D e n m a r k ,  E g y p t ,  F i n l a n d ,  F r a n c e , 
G e r m a n y ,  G h a n a ,  G r e e c e ,  H u n g a r y ,  I n d i a ,  I r an ,  I raq ,  I s r a e l ,  I t a l y ,  J a p a n , 
J o r d a n ,  K u w a i t ,  L i b y a ,  M o r o c c o ,  N e t h e r l a n d s ,  N e w Z e a l a n d ,  N o r w a y ,  P o l a n d , 
R o m a n i a ,  S o m a l i a ,  S p a i n ,  S u d a n ,  S w e d e n ,  T a n z a n i a ,  T u r k e y ,  UK ,  U S A ,  U S S R , 
V e n e z u e l a ,  Y e m e n ,  Y u g o s l a v i a  an d Z i m b a b w e . 

I t  i s  w e l l  p r o v e n t h a t  i n  n o r t h e r n l a t i t u d e s ,  e n e r g y s a v i n g s  i n  b u i l d i n g s 
o f  u p t o  5 0 % ca n b e  a c h i e v e d i f  e n e r g y c o n s e r v a t i o n m e t h o d s  suc h a s 
n a t u r a l  l i g h t i n g ,  v e n t i l a t i o n ,  g r e e n h o u s e  h e a t i n g an d o r i e n t a t i o n i n 
b u i l d i n g s  a r e  u s e d .  T h e y a r e  t h e  m a i n e l e m e n t s  o f  p a s s i v e  h e a t i n g i n  t h e 
n o r t h e r n l e v e l s .  H o w e v e r ,  w e l l  s t a t e d a l s o i n  m a n y p a p e r s  i s  t h a t  p a s s i v e 
s o l a r  c o o l i n g c o u l d lea d t o  a  r e d u c t i o n i n  e n e r g y i f  e n e r g y c o n s e r v a t i o n 
i s  u s e d i n  ho t  c l i m a t e s . 

T h e  p r o c e e d i n g s  i s  d i v i d e d in t o t w o p a r t s .  P a r t  O n e  i n c l u d e s  2 5  p a p e r s , 
d e a l i n g w i t h e n e r g y c o n s e r v a t i o n an d m a n a g e m e n t  i n  b u i l d i n g s  a s  w e l l  a s 
s o l a r  an d lo w e n e r g y a r c h i t e c t u r e .  P a r t  T w o ,  w h i c h c o n s i s t s  o f  5 4  p a p e r s , 
c o v e r s  al l  a s p e c t s  o f  r e n e w a b l e  e n e r g y ;  m a t e r i a l  s c i e n c e  an d p h o t o v o l t a i c 
c o n v e r s i o n ,  w e a t h e r  d a t a ,  h e a t i n g an d c o o l i n g o f  b u i l d i n g s ,  ho t  w a t e r 
s y s t e m s ,  w a v e  e n e r g y ,  g e o t h e r m a l  e n e r g y ,  e n e r g y s t o r a g e ,  c o u n t r y 
p r o g r a m m e s  an d o t h e r  r e l a t e d t o p i c s . 

NORTHSUN 90 ' s  m a i n m e s s a g e  i s  t o  e n c o u r a g e  c o u n t r i e s  i n  t h e  h i g h 
l a t i t u d e s  t o  i m p l e m e n t  al l  a s p e c t s  o f  e n e r g y c o n s e r v a t i o n i n  b u i l d i n g s ,  t o 
p r o m o t e  t h e  u s e  o f  s o l a r  e n e r g y i n  h e a t i n g ,  an d t o  w o r k c o l l e c t i v e l y o n 
s o l a r  p r o j e c t s  o f  d i r e c t  b e n e f i t  t o  t h e  r e g i o n . 

I  s h o u l d l ik e  t o  t h a n k al l  t h e  s p o n s o r i n g a g e n t s  f o r  t h e i r  g e n e r o u s  h e l p , 
al l  m y  f e l l o w c o l l e a g u e s  o f  v a r i o u s  c o m m i t t e e s ,  an d al l  t h e  c o n t r i b u t o r s 
an d p a r t i c i p a n t s  w h o m a d e  NORTHSUN 90 a n o t h e r  s u c c e s s f u l  c o n f e r e n c e . 

P r o f .  A . A . M .  S a y i g h 
C o n f e r e n c e  C h a i r m a n 

vii 



A TOTAL ENERGY DESIGN FOR 92 HOUSES 
WITH COMBINED USE OF SOLAR HEATING AND ENERGY CONSERVATION 

P. VEJSIG PEDERSEN 
Thermal Insulation Laboratory, Technical University of 

Denmark, DK-2800 Lyngby, Denmark 

O. M 0 R C K 
Cenergia Aps., Stationsvej 3, DK-2760 M&10V, Denmark 

ABSTRACT 

A 80% saving compared to normal gas consumption for heating and DHW is expected in the 
community, Tubberupvaenge with 92 houses near Copenhagen in Denmark. This is the most 
ambitious energy saving building project in Denmark until now. Savings of the heating demand 
is first achieved by common energy saving techniques like extra insulation, improved windows, 
heat recovery of ventilation air, and attached sunspaces, which as something new has integrated 
pebble bed storage in the floor. Besides, each of eight building blocks utilizes 45 m 2 of roof 
integrated solar collectors as part of local solar heating system design, primarily for DHW. And 
for the first time in Denmark a solar heated seasonal storage is used, here with 1050 m 2 of high 
temperature solar collectors, and a 3000 m 3 water filled seasonal storage insulated and buried in 
the ground. 

KEYWORDS 

Total energy design, solar heating, energy conservation, solar collectors, seasonal storage. 

THE TOTAL ENERGY PROJECT IN HERLEV, DENMARK 

The total energy design concept combines the use of general energy savings and solar heating or 
cooling technology for new building projects. In a new building project, Tubberupvaenge, with 92 
low density houses near Copenhagen in Denmark approx. 80% of the total yearly energy de -
mand for heating will be saved in this way. 

50% is saved by use of different low energy design features, and local solar heating systems. 
This includes improved insulation, heat recovery of ventilation air, improved window construc-
tions, passive solar heating with attached sunspaces and pebble bed storage in the floor, low 
temperature heating (55/ 40° C), 150 litre local DHW tanks with improved heat exchanger in 
each house, and approx. 4 m 2 of roof integrated solar collector for DHW and extra heating of 
ventilation air. Electrical backup energy in the summer in each housing block is making 4-5 
month's stop of the district heating network possible. 

1 
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60% of the remaining heat demand for the 92 houses is covered by a central solar heating plant 
with seasonal storage (CSHPSS). Here is used a 3000 m 3 seasonal storage in the ground, which 
is heated by 1050 m2 of high temperature solar collectors and, backed up by a nighttime opera-
ted electrical heat pump and a combined gas engine/gas boiler heating system. Photoes from 
the CSHPSS of the Tubberupvaenge building project is shown in Fig. 1. 

In Fig. 2 is shown photoes of the building project and the seasonal storage. A diagram of the 
complete central solar heating plant with seasonal storage is shown in Fig. 3. 

The seasonal storage is heated to 85° C by the end of August, and from September heat is 
delivered from the seasonal storage to the district heating network, depending on the available 
temperatures. Calculations with the MINSUN program show that it should be possible to cover 
all the necessary heating demand until December directly from the seasonal storage. When the 
top temperature in the storage is less than 50° C, the operation strategy is changed so heat will 
be delivered through a small size nighttime and weekend operated electrical heat pump, (30 
kW). This will cool the seasonal storage to a minimum of 10°C in the spring. Supplemental 
heat after December is supplied from a small gas engine generator system and a gas furnace 
system. An intelligent control system from the firm Danfoss ensures an efficient operation of 
the solar heating plant. 

The total extra costs to save 80% of the yearly heat demand amounts to approx. 20% of the 
total building project investment, and about half of the extra costs are paid by the European 
Communities together with the Danish Energy Council. Calculations indicate that if you limit 
yourself only to the first step to save 50% of the yearly heat demand, you will only have to 
invest approx. 5-7% of the total normal building investment, excluding grants from the State and 
the CEC. 

It is the KAB building society together with a local building society in Herlev who are respons-
ible for the Total Energy Project in Herlev. Engineers are Dominia A/S, and Cenergia Aps. are 
energy consultants and responsible for the Total Energy Design. Main Contractor for the build-
ing project is Hosbyg A/S. Contractor for the seasonal storage is Rasmussen & Schoitz, and 
Scancon Solar Heating delivers the central solar collector system. 

LOCAL SOLAR HEATING SYSTEMS OF TUBBERUPVAENGE II. 

A 45 m2 solar collector is integrated in the roof of each of eight housing blocks with 11-12 
apartments. The housing blocks have varying orientations (south, south east, east and west). 

The solar collector is heating a 2500 litre storage tank placed in a cellar of each housing block. 
In Fig. 4 is shown a diagram of the local block solar heating systems. 

Heat from the storage tank is transferred to local 150 litre DHW tanks with heat exchanger in 
each apartment, and to the low temperature heating system. A built-in electrical heating ele-
ment in the storage tank makes it possible to stop operation of the district heating network for 
the eight housing blocks during 4-5 summer months, leading to large amounts of saved heat 
losses. 

Calculations show that during the summer the difference between solar collectors with east/west 
orientation compared to south orientation is small (5-10%). 

Room heating is as mentioned also covered from the storage tank in the cellar, but only from 
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the upper half of the storage tank, which during the heating season is partly heated by heat 
from the heating central through the district heating network. In this way it becomes possible 
to stop the network operation also during night in periods with limited heating demand. 

FUTURE SYSTEM DEVELOPMENTS 

A new total energy project is now being projected for the KAB Building Society, this will be 
built in 1991 in the city of Ballerup with 100 houses. The firms Dominia, Cenergia and Hosbyg 
will here optimize and use the most economic solutions from the project in Herlev. It is the 
aim here to reduce the gas consumption for heating to 40% of normal. At the same time it is 
intended to use a cogeneration plant with combined production of electricity and heat. A buffer 
storage will be used for the cogeneration plant. In winter as a 2-3 days storage and in the sum-
mer as storage for surplus heat from local solar heating systems. 

It is believed that introduction of new solar technology for demonstration in building projects, is 
important for the development of high quality and economic solar energy systems. It is then 
possible to involve architects and professional consultants with building and solar system ex-
perience, enabling them to make the necessary demands for materials, quality and function. It 
is, furthermore, possible to achieve better aesthetical solutions and to save alternative building 
materials and components and thereby obtain a better economy. A continuous use of solar 
systems in new building projects can be a very useful basis for improvements and more cost 
effective solutions. This development should in the long run lead to a substantial market, also 
within the existing housing area where solar systems often are too expensive today. 

Fig. 1. Photo of the building project Tubberupvaenge in Herlev 
where a low energy design and 400 m2 of local solar collec-
tors are used together with a central solar heating plant with 
1050 m2 of high temperature solar collectors and a 3000 m 3 

seasonal storage under the wide part of the solar collector 
field. This total energy system is expected to save 80% of 
the "normal" gas consumption for heating. 



Fig. 2. Photoe s from th e Tota l Energ y 
Projec t in Herle v with a com-
bined use of energ y conservatio n 
and solar  heatin g design for  92 
houses . Her e is seen th e Hosby g 
Prefabricate d buildin g system, 
Nilan hea t recover y uni t for  ven -
tilatio n air , local "housin g block" 
solar  heatin g systems ; attache d 
sunspace s with pebbl e bed stor -
age in th e floor  and th e 3000 m 3 

seasona l storage . 
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TOTALENERG Y SYSTE M 
TUBBERUPVffNGE , H E R L E V 

1050 r»2 hig h  t e n p e -
r o t u r e  so l a r c o t -
l e c t o r 

bloc k so la r heat in g 
system . 4 5 n 2 so la r 
c o l l e c t o r 

he a  t p u n p 

s o n n e r s t o p  o f 
d i s t r i c t heat in g 
ne twor k 

300 0 n 3 seasona l 
s t o r o g e 

10 n 3 b u f f e r 
s t o r a g e 

Fig. 3. Diagram of the central solar heating plant with seasonal sto-
rage in Herlev, Denmark. Solar heat is supplied from the 
solar collectors to the seasonal storage, depending on the 
delivered temperature. The solar collectors are manufac-
tured by the Danish firm Scancon. Heat from the seasonal 
storage can be used directly, but when the storage tempera-
ture is less than 45° C it is used in combination with a small 
heat pump system. 

40-4 5 a" SOLAR COLLECTOR PE R BOOSIN G BLOCK 
(Wi n 11-1 2 APPARTMENTS) 

•1 
SEPARATE RETURN PIPIN G SYSTEMS 
PROM OHM TANKS AND RADIATORS 

SOLAR COLLECTOR CIRCUI ' 
WITH LOMFLOM OPERATIO N 

Fig. 4. System diagram of local solar heating systems with 45 m 2 of 
roof integrated solar collectors for the eight housing blocks 
in Tubberupvaenge. The storage tank in the cellar is de-
signed for "low flow" operation. Electrical supplemental 
heating is used in the summer to be able to stop the district 
heating network. 
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ENERGY,  ENVIRONMENT AN D HUMAN DEVELOPMENT I N TH E ARAB WORLD 

Pattern s  o f  energ y consumptio n var y greatl y  a s  show n i n fig .  1  whic h 
indicate s  a n annua l  energ y consumptio n o f  unde r  1 0 barrel s  o f  oi l  pe r 
capit a  i n  Sout h Yeme n t o  nearl y  35 0 barrel s  o f  oi l  pe r  capit a  i n  Kuwait , 
Iraq ,  Saud i  Arabia ,  Liby a  an d th e  Gul f  States .  Mos t  o f  th e  bi g oi l 
producin g countrie s  excep t  Ira q an d Algeri a  ar e  largel y deser t  region s 
wit h spars e  populations .  Th e  remainin g Ara b countrie s  hav e  large r 
populations .  Th e  remainin g Ara b countrie s  hav e  large r  population s  bu t 
onl y smal l  oi l  resource s  an d thes e  represen t  abou t  90 % o f  th e  peopl e 
throughou t  th e  Ara b world . 

Egyp t  ha s  a  larg e  populatio n bu t  ver y modes t  oi l  reserve s  an d fo r  thes e 
reason s  remain s  comparativel y poor .  Suda n i s  als o poo r  bu t  ha s  a  lowe r 
populatio n an d therefor e  ha s  a  bette r  opportunit y  fo r  balancin g need s  an d 
resource s  tha n Egypt .  Ther e  ar e  man y aspect s  t o  conside r  i n  viewin g 
futur e  energ y horizons .  Oi l  producin g state s  ar e  developin g quickl y bu t 
thi s  pose s  problem s  o f  producin g wate r  an d electri c  powe r  a t  a  pac e 
sufficien t  t o  kee p abreas t  wit h thes e  developments .  I n  thes e  countrie s 
peopl e  hav e  subsidise d fue l  wherea s  fo r  neighbourin g countrie s  wit h littl e 
oi l  suc h a s  Lebanon ,  Syria ,  Egypt ,  Jorda n an d Djibout i  taxe s  ar e  high . 
Ther e  i s  a  wid e  disparit y  o f  wealt h  an d resource s  throuqhou t  th e  Ara b 
world ;  developmen t  rate s  to o ar e  ver y different . 
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What  ar e  th e  relevan t  factor s  i n  considerin g a n energ y pla n fo r  th e 
future ?  Base d o n consumptio n i n  1978 ,  Tabl e  1  show s  tha t  worldwid e  coa l 
i s  b y fa r  th e  mos t  significan t  fossi l  fue l  wit h prove n an d potentia l 
lifetime s  tha t  ar e  muc h greate r  tha n thos e  fo r  oil ,  ga s  o r  uranium ;  i t 
accounte d fo r  69.4 % o f  th e  worl d reserve s  i n  1979 .  I n  term s  o f  worl d 
consumptio n crud e  oi l  represente d 46.1 % an d coa l  28.4 % althoug h crud e  oi l 
onl y accounte d fo r  13.9 % o f  prove n reserve s  i n  1978 . 

Tabl e  1 :  Prove n &  Potentia l  Reserve s  o f  Conventiona l 
Non-Renewabl e  Energ y Sources :  Reserve s  State d 
i n  Billion s  o f  Oi l  Equivalen t  (Deb s  198 2 & 
Al-Saad i  1981 ) 

Energ y 
Sourc e 

Reserve s % Relativ e 
t o  Tota l 

Reserv e  Lifetim e 
(Years ) Energ y 

Sourc e 
Prove n Additiona l Prove n Potentia l Prove n Potentia l 

Coa l 
Oi l 
Gas 
Uraniu m 

3.23 9 
65 1 
47 0 
30 7 

47,19 7 
1,54 7 
1,21 8 

41 5 

69.4 % 
13.8 % 
10.1 % 

6.7 % 

93.7 % 
3.1 % 
2.4 % 
0.8 % 

22 6 
39 
50 
51 

3,27 8 
6 8 

12 9 
73 

Tota l 4,66 7 50,37 7 100.0 % 100.0 % 

Tabl e  2  show s  tha t  mos t  fossi l  fue l  reserve s  ar e  share d betwee n th e  OEC D 
an d th e  Socialis t  Blocks .  Th e  Ara b State s  hav e  onl y abou t  10 % o f  th e 
worl d prove n reserve s  o r  1 % o f  th e  potentia l  reserves .  Ta r  sand ,  heav y 
crud e  an d shal e  oi l  development s  hav e  limite d significanc e  i n  OPE C an d 
Ara b State s  wherea s  th e  OEC D Bloc k ha s  mor e  tha n a  50 % shar e  i n  th e 
distribution . 
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^abl e  2 :  Distributio n o f  Reserve s  o f  Non-Renewabl e 
Resource s  Amon g Producin g Blocks . 
(Deb s  198 2 &  Al-Saad i  1981 ) 

Reserve s  (10 ^  Barrel s  o f  Oil ) 

Region s Coa l Oi l Gas Uraniu m Tota l 

OECD Bloc k 
Prove n 1,48 3 57 7 5 15 1 1,76 6 

OECD Bloc k 
Potentia l 18,17 9 25 6 32 4 19 6 18,95 5 

Socialis t 

Bloc k 

Prove n 1,47 5 9 3 17 1 47 1,78 6 Socialis t 

Bloc k Potentia l 23,85 6 46 7 40 6 15 8 24,88 7 

OPEC 
Prove n 4 45 2 18 9 7 65 2 

OPEC 
Potentia l 29 56 9 18 4 5 78 7 

Ara b State s 
Prove n 34 0 7 4 3 41 7 

Ara b State s 
Potentia l 34 0 11 1 8 45 9 

Worl d 
Prove n 3,23 9 65 1 47 0 30 7 4,66 7 

Worl d 
Potentia l 47,19 7 1,54 7 1,21 8 41 5 50,37 7 

Tabl e  3  summarise s  th e  worl d situatio n an d i t  ca n b e  see n tha t  Ara b 
countrie s  hav e  les s  tha n a  10 % shar e  o f  th e  worl d fossi l  fue l  resource s 
an d o f  thi s  Saud i  Arabi a  contribute s  nearl y  a  third . 
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Tabl e  3 :  Distributio n o f  Prove n Conventiona l  &  Ne w 
Non-Renewabl e  Resource s  Amon g Majo r  Countrie s 
(Deb s  198 2 &  Al-Saad i  1981 ) 

Countrie s 
Prove n Reserve s  (10* * Barrel s  o f  Oil ) 

Countrie s 
Coa l Oi l Gas Ta r  San d & 

Heav y Crud e 
Shal e  Oi l Uraniu m Tota l 

U.S.A . 88 8 2 6 34 20 4 7 1 1,22 3 
U.S.S.R . 79 0 63 16 4 50 16 1,08 3 
Chin a 46 3 21 5 12 50 1 
Canad a 20 6 16 14 1 23 20 6 
West  German y 16 1 0. 5 1 0. 5 16 3 
U.K . 21 0 15 5 23 0 
Australi a 17 0 2. 1 6 30 20 8 
Polan d 14 3 14 3 
Sout h Afric a 11 8 39 15 7 
Indi a 61 3 2 3 69 
Venezuel a 18 8 14 6 17 2 
Ara b Countrie s 34 0 74 5 60 3 48 2 
Saud i  Arabi a 16 8 20 18 8 
Other s 21 5 - 13 5 - 23 11 0 47 1 

Worl d 3,23 9 662. 6 47 0 29 2 33 7 30 7 5,29 6 

Thi s  i s  a  broad-brus h pictur e  o f  th e  energ y resourc e  scen e  bu t  clearl y  th e 
twentiet h  centur y ha s  heralde d a  massiv e  increas e  i n  worl d population ;  th e 
fossi l  fue l  reserve s  ar e  ver y unevenl y distribute d an d coa l  i s  th e  onl y 
fossi l  fue l  wit h a  long-ter m future . 

Population s  ar e  increasin g an d fossi l  fue l  reserve s  ar e  decreasin g s o 
whils t  ther e  i s  a  nee d t o  develo p hospitals ,  healt h  centre ,  school s  an d 
abov e  all ,  housing ,  thi s  ha s  t o  b e  carrie d ou t  withi n a n integrate d 
economi c  plan ,  th e  basi s  o f  whic h mus t  b e  huma n development .  Alread y 
ther e  ar e  example s  o f  rapi d developmen t  suc h a s  i n  Kuwai t  bu t  ther e  ar e 
positiv e  an d negativ e  aspect s  o f  thes e  fro m whic h lesson s  ca n b e  learnt . 
Successfu l  developmen t  i s  to o ofte n measure d i n  term s  o f  mone y an d 
compariso n wit h Wester n growt h wherea s  th e  mos t  valuabl e  resourc e  i s 
people .  Al l  thing s  ar e  servin g th e  developmen t  o f  a n Ara b civilisatio n i n 
whic h al l  peopl e  hav e  a  goo d sens e  o f  well-bein g mentall y  an d physically . 
The  environment ,  th e  natur e  o f  wor k an d leisur e  an d foo d ar e  al l  importan t 
i f  persona l  satisfactio n an d aspiration s  ar e  t o  b e  achieved .  Withi n an y 
civilisatio n ther e  i s  a  cultur e  an d thi s  need s  t o  evolve .  Ther e  ar e  man y 
example s  o f  architectur e  i n  whic h Islami c  tradition s  hav e  bee n use d t o 
goo d effect .  Th e  house s  i n  th e  Bastiki a  quarte r  o f  Duba i  us e  th e  win d 
towe r  principl e  t o  giv e  simpl e  effectiv e  coolin g an d thi s  als o contribute s 
t o  th e  characte r  o f  th e  architectur e  i n  a  wholesom e  way ;  th e  win d towe r 
use d i n  th e  Sou k a t  Sharja h i s  agai n a  functiona l  elemen t  bu t  th e  til e 
decoratio n an d th e  meta l  grill e  window s  grac e  i t  i n  a  wa y whic h clearl y 
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reflect s  Arabi c  thinkin g an d culture . 

I n  hi s  boo k "Smal l  i s  Beautiful" ,  Schumache r  expresse s  concer n abou t 
mankin d bein g distorte d b y th e  worshi p o f  economi c  growt h an d th e  dange r 
o f  wester n ma n bein g cleve r  bu t  lackin g wisdom .  To o ofte n h e  say s  w e 
develo p thing s  withou t  questionin g wh y w e  nee d t o  pursu e  thes e  end s  wit h 
suc h relentles s  vigou r  fo r  suc h shallo w results .  I f  th e  rea l  menta l  an d 
physica l  need s  o f  ma n ar e  t o  b e  catere d fo r  the n specialise d knowledge , 
especiall y  tha t  o f  economists ,  scientist s  an d technologist s  ha s  t o  b e  use d 
carefull y  an d i n  a  systemati c  manner . 

Lookin g bac k i n  histor y ther e  ar e  certai n  pattern s  whic h ar e  fundamental -
simplicity ,  naturalnes s  an d Natur e  ar e  thre e  ke y issue s  whic h recu r  i n 
thes e  pattern s  tim e  an d tim e  again .  I n  term s  o f  building s  a  consideratio n 
of  mass ,  shape ,  form ,  orientatio n an d shad e  ca n resul t  i n  les s  machine s  t o 
contro l  th e  climat e  withi n them .  Bu t  thes e  ar e  no t  ne w ideas ;  the y ar e 
ver y muc h par t  o f  th e  languag e  o f  Islami c  architecture .  Similarly ,  i t  i s 
bes t  t o  us e  loca l  material s  whereve r  possibl e  fo r  th e  fabri c  o f  a  buildin g 
becaus e  thes e  ar e  readil y  available ,  blen d wit h th e  countrysid e  an d ar e 
attune d t o  th e  climat e  o f  th e  region .  Nature ,  b y it s  climat e  an d 
landscape ,  ha s  t o  b e  par t  o f  th e  buil t  for m expression . 

Ther e  ar e  huma n an d socia l  need s  fo r  ne w building s  throughou t  th e  Ara b 
world .  I n  orde r  t o  minimis e  th e  effect s  o f  disparit y  betwee n countrie s 
wit h respec t  t o  fue l  reserves ,  ther e  need s  t o  b e  a  balance d vie w 
concernin g th e  energ y deman d thes e  wil l  mak e  fo r  th e  peopl e  an d th e 
econom y i n general .  Energ y consciou s  desig n ha s  no t  bee n predominan t  s o 
fa r  becaus e  mone y reserve s  hav e  bee n ver y hig h i n  th e  majo r  oi l  producin g 
countrie s  wher e  mos t  o f  th e  buildin g ha s  take n place .  I n  th e  long-ter m 
thes e  countrie s  wil l  hav e  t o  diversif y  thei r  interest s  an d som e  wil l 
becom e  fue l  importers .  Currentl y  th e  standard s  o f  livin g an d communit y 
need s  var y greatl y  acros s  th e  Ara b worl d s o ther e  ha s  t o  b e  a n integrate d 
vie w toward s  development .  Energ y level s  nee d t o  b e  a s  lo w a s  possibl e  an d 
alternativ e  renewabl e  resource s  suc h a s  sola r  energ y whic h i s  abundantl y 
availabl e  nee d t o  b e  developed . 

Climat e  i n  th e  Ara b Worl d 

The  Ara b worl d occupie s  a  ban d betwee n th e  Equato r  i n  th e  sout h o f  Somali a 
an d th e  37t h Paralle l  Nort h i n  Algeria .  I t  stretche s  fro m Mauritari a  a t 
15 CW t o th e  ti p  o f  Oma n a t  60° E an d comprise s  som e  twent y countrie s  i n  tw o 
continents .  Th e  predominan t  religio n i s  Islam . 

The  countrie s  contai n larg e  area s  o f  continenta l  ho t  deser t  lan d bu t  ar e 
als o strongl y influence d b y maritim e  effect s  fro m th e  fiv e  differen t  sea s 
ont o whic h the y front :  th e  Atlanti c  an d India n Oceans ,  th e  Re d Se a  an d 
Persia n Gul f  and ,  t o  th e  north ,  th e  easter n Mediterranean .  Th e  climati c 
type s  ar e  therefor e  man y an d various ,  encompassin g th e  temperate-humi d an d 
th e  hot-arid ;  th e  latte r  i s  mor e  commonl y associate d wit h th e  Ara b worl d 
an d i t  i s  thi s  climati c  patter n wit h whic h thi s  stud y i s  particularl y 
concerned .  Withi n thi s  semi-ari d  an d hot-deser t  region s  predominate ;  th e 
latte r  ha s  highe r  pea k temperature s  an d lowe r  humidities . 

Figur e  2  i s  a  detaile d ma p showin g th e  climati c  classification s  o f  th e 
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Arabia n an d Africa n countrie s  i n  term s  o f  bot h summe r  an d winde r 
conditions .  I t  serve s  t o  illustrat e  th e  variation s  i n  regiona l  climat e 
an d emphasise s  th e  nee d fo r  th e  designe r  t o  understan d th e  loca l  climat e 
whe n undertakin g a  buildin g desig n for ,  whil e  'typical 1 climat e  i s  a 
usefu l  indicato r  o f  a  generi c  typ e  o f  buildin g tha t  migh t  b e  considered , 
i t  i s  onl y b y examinin g th e  loca l  weathe r  pattern s  tha t  a n understandin g 
of  th e  possibl e  contributio n o f  th e  climat e  t o  th e  performanc e  o f  th e 
buildin g ca n b e  approached .  Loca l  wind s  fo r  exampl e  ar e  site-specifi c  bu t 
highl y variabl e  an d ar e  frequentl y  exploite d wit h considerabl e  succes s  i n 
indigenou s  architectura l  styles . 

Sola r  Radiatio n 

The  intensit y  o f  sola r  radiatio n an d sk y clarit y  ar e  th e  mai n reason s  fo r 
th e  extrem e  level s  o f  hea t  tha t  ar e  encountere d i n  th e  deser t  regions . 
The  annua l  averag e  radiatio n o n horizonta l  surface s  i s  i n  exces s  o f  8 
GJ/m 2 i n  th e  Sahar a  an d Saud i  Arabia n peninsulas . 

Wind 

The  globa l  win d pattern s  a s  the y affec t  th e  countrie s  o f  th e  Ara b worl d 
ar e  illustrate d i n  Januar y an d Jul y i n  figur e  3 .  Th e  countrie s  o f 
continenta l  Afric a  ar e  subjecte d t o  Northerlie s  an d Nort h easterlie s  fo r 
th e  greate r  par t  o f  th e  yea r  an d th e  mos t  interestin g regio n i s  i n 
Souther n Saud i  Arabi a  an d th e  Gul f  wher e  tw o systems ,  th e  Monsoo n fro m th e 
Arabia n se a  an d th e  Nort h Westerlie s  fro m th e  Persia n Gulf ,  converg e  t o 
giv e  wha t  i s  calle d th e  Inter-Tropica l  Convergenc e  Zon e  (ITCZ) ,  a  zon e 
whic h move s  i n  th e  cours e  o f  th e  yea r  causin g extrem e  variation s  i n  win d 
pattern s  i n  Oma n an d th e  othe r  Gul f  states .  Th e  stron g tropica l  cyclone s 
occu r  i n  th e  summe r  perio d an d wind s  a s  stron g a s  Gal e  Forc e  9  hav e  bee n 
recorded . 

A knowledg e  o f  th e  loca l  wind s  an d thei r  seasona l  variation s  i s  mos t 
importan t  i n  th e  passiv e  desig n o f  buildings .  I n  mos t  coasta l  region s  th e 
win d spee d an d directio n i s  considerabl y modifie d b y th e  lan d an d se a 
breezes ,  particularl y  a t  th e  time s  whe n prevailin g wind s  ar e  ligh t 
(Beaufor t  forc e  3  o r  less) .  Th e  wid e  diurna l  temperatur e  variation s  an d 
th e  consequen t  difference s  betwee n air ,  groun d an d wate r  temperature s  giv e 
ris e  t o  a  larg e  variet y  o f  loca l  win d effects .  I n  genera l  th e  win d blow s 
off-shor e  i n  th e  nigh t  an d i n  th e  earl y  morning ;  th e  on-shor e  breez e  set s 
i n  toward s  mid-da y an d blow s  unti l  dusk .  A t  time s  th e  onse t  o f  th e  sea -
breez e  ma y b e  quit e  violen t  an d squally ;  i n  area s  wher e  th e  mountain s 
slop e  steepl y t o  th e  coas t  th e  off-shor e  breez e  ma y als o b e  squally . 

Othe r  loca l  wind s  i n  th e  Gul f  are a  includ e  th e  'Shamal' ,  a  prevailin g 
North-westerl y  win d particularl y  stron g i n  Jun e  an d July ;  th e  'Balat '  a n 
off-shor e  Nort h North-Westerl y  win d fro m th e  coas t  o f  Oma n whic h blow s 
fro m abou t  midnigh t  t o  midda y betwee n Decembe r  an d March ;  th e  'Kaus '  (o r 
'Sharki') ,  whic h ar e  Sout h Easterlie s  i n  th e  Persia n Gul f  occurrin g ahea d 
of  th e  Westerl y  depression s  betwee n Decembe r  an d March ,  i s  a n infrequen t 
bu t  stron g wind .  Thes e  ar e  jus t  a  fe w typica l  examples ,  bu t  man y suc h 
loca l  wind s  occu r  acros s  th e  Ara b world . 
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Precipitatio n 

The  hig h temperature s  an d extrem e  level s  o f  insolatio n whic h characteris e 
th e  countrie s  o f  th e  Ara b worl d ar e  accompanie d b y a  leve l  o f  rainfal l 
tha t  i s  amon g th e  lowes t  i n  th e  world .  I n  fe w place s  doe s  i t  excee d 250m m 
i n a  yea r  an d i t  i s  highl y intermitten t  an d unreliabl e  s o tha t  annua l 
averag e  figure s  var y widel y an d ca n b e  misleading .  Storm s  normall y occu r 
betwee n Novembe r  an d Ma y i n  downpour s  wher e  50m m ma y fal l  i n  twent y 
minute s  an d ar e  usuall y  associate d wit h thunderstorms ,  particularl y  i n  th e 
interior .  Hai l  sometime s  occur s  i n  associatio n wit h th e  thunderstorm s  an d 
th e  hailstone s  ma y b e  large .  Sno w i s  almos t  unknow n excep t  o n th e  highe r 
mountain s  an d eve n the n i t  i s  rare . 

Rainfal l  run-of f  i s  normally ,  i n  bot h moder n an d traditiona l  buildings , 
discharge d fro m building s  int o th e  stree t  givin g ris e  t o  th e  'traditional ' 
architectura l  featur e  o f  th e  wate r  spout .  Roof s  ten d t o  b e  fla t  o r 
slightl y  sloped ,  evaporatio n bein g relie d upo n t o  dispos e  o f  residua l 
ponde d rainfal l  befor e  i t  ca n becom e  a  nuisanc e  (no t  alway s  wit h th e  bes t 
result s  fo r  th e  interna l  decoration) .  Th e  mor e  moder n citie s  suc h a s 
Riyad h ar e  installin g surfac e  wate r  drainag e  system s  t o  alleviat e  th e 
almos t  annua l  floodin g proble m as ,  apar t  fro m bridgin g th e  cit y  t o  a  hal t 
i t  als o pose s  a  considerabl e  healt h  hazard . 

Dus t  an d San d 

Dus t  an d san d carrie d i n  th e  atmospher e  ar e  on e  o f  th e  bigges t  problem s 
fo r  designer s  o f  contemporar y Ara b building s  particularl y  whe n natura l  an d 
passiv e  effect s  ar e  considered .  Th e  atmospher e  i s  rarel y fre e  o f  dus t  an d 
th e  proble m i s  exacerbate d a s  citie s  becom e  large r  an d th e  numbe r  o f  moto r 
vehicle s  increases .  Th e  exceedingl y smal l  siz e  an d lo w termina l  velocit y 
of  dus t  particle s  tend s  t o  mak e  the m ver y difficul t  t o  remov e  b y 'natura l 
methods' .  Filtratio n ca n remov e  th e  fines t  particle s  bu t  th e  hig h 
resistanc e  t o  ai r  movemen t  tha t  suc h hig h efficienc y filter s  offe r 
necessitate s  th e  additio n o f  mechanica l  mean s  thu s  negatin g th e  'passive ' 
intention . 

I t  i s  considere d 'normal '  i n  Ara b countrie s  t o  se e  a  sligh t  dus t  haz e  fo r 
mos t  o f  th e  year .  Les s  frequentl y  ther e  ar e  san d an d dus t  storms .  A 
popula r  misconceptio n exist s  regardin g san d storm s  du e  t o  a  failur e  t o 
distinguis h san d fro m dust .  I n  an y ari d  countr y whe n a  stron g win d begin s 
t o  blo w fro m a  ne w directio n th e  ai r  become s  charge d wit h a  mis t  o f  fin e 
particles .  Wher e  th e  surfac e  i s  alluvial ,  wit h  littl e  o r  n o san d o n it , 
suc h a s  i n  Ira q o r  th e  countr y aroun d Khartoum ,  th e  dus t  rise s  i n  dens e 
cloud s  t o  a  heigh t  o f  severa l  thousan d fee t  an d th e  su n ma y b e  obscure d 
fo r  a  lon g period .  Thi s  i s  a  dus t  stor m thoug h i t  ofte n wrongl y 
designate d a s  'san d storm' .  San d storm s  ten d t o  b e  purel y loca l  deser t 
phenomen a  a s  thei r  particl e  siz e  O l O O u m )  require s  hig h win d spee d fo r 
the m t o remai n suspended . 

The  internationa l  classificatio n o f  dust y atmosphere s  is : 
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Dust y Visibilit y  (m ) Win d Forc e Diamete r  o f 
Atmospher e Particle s 

Dus t  haz e >100 0 Light-Cal m Not  give n 
Dus t >100 0 >Ligh t Not  give n 
Dus t  Stor m <100 0 >Stron g <10 0 ur n 
Sandstor m <100 0 >Stron g >10 0 Mm 

Dus t  tha t  ha s  bee n lifte d b y stron g wind s  wil l  settl e  a t  a  velocit y 
determine d b y th e  particl e  siz e  an d loca l  ai r  currents .  A  particl e  o f  0. 2 
ìô ç  diamete r  ha s  a  termina l  velocit y  o f  0.6m/da y an d so ,  onc e  a t  a  heigh t 
of  1000-2000 m wil l  ten d t o  remai n airborn e  fo r  a  considerabl e  perio d 
unles s  brough t  t o  eart h  b y ai r  currents . 

Buildin g For m an d Material s 

Buildin g form ,  structure ,  material s  an d system s  ar e  selecte d t o  sui t  th e 
climati c  condition s  an d achiev e  a  coo l  an d stimulatin g environmen t  fo r  th e 
peopl e  usin g th e  building s  beside s  givin g operationa l  economy . 
Traditiona l  Islami c  architectur e  ofte n display s  building s  wit h heav y 
facades ,  limite d opening s  o n th e  externa l  elevation s  bu t  thos e  tha t  d o 
exis t  ar e  wel l  shaded .  Thes e  simpl e  idea s  use d wit h moder n an d 
traditiona l  material s  ca n produc e  a n energ y effectiv e  buildin g whic h i s 
traditionall y  Arabian . 

Figur e  4  illustrate s  th e  basi c  for m o f  traditiona l  buildin g fro m whic h th e 
environmenta l  impac t  o f  th e  plannin g ca n b e  seen .  A  combinatio n o f  mass , 
shad e  an d ventilatio n le t  th e  building s  breath e  i n  harmon y wit h natur e  an d 
permi t  th e  bes t  rang e  o f  comfor t  condition s  fo r  occupant s  inside .  Trees , 
plant s  an d wate r  i n  th e  enclose d spac e  coo l  th e  ai r  b y evaporation ,  hel p 
t o  kee p dus t  down ,  provid e  shade ,  visua l  an d psychologica l  relief .  I n 
additio n a  cloiste r  typ e  inne r  courtyar d ca n b e  featured . 

I n  an y locatio n nea r  th e  equato r  th e  roo f  o f  th e  buildin g receive s  th e 
highes t  proportio n o f  sola r  radiatio n an d i s  als o th e  surfac e  mos t  expose d 
t o  th e  clea r  col d nigh t  sky .  T o limi t  th e  hea t  gain ,  th e  mos t  effectiv e 
metho d i s  t o  shad e  o r  construc t  a  secon d roo f  ove r  th e  first .  Th e  oute r 
roo f  o r  shadin g devic e  wil l  reac h a  hig h temperatur e  an d i t  i s  therefor e 
imperativ e  t o  separat e  i t  fro m th e  inne r  roof ,  t o  provid e  fo r  th e 
dispersio n o f  hea t  fro m th e  spac e  betwee n th e  tw o an d t o  us e  a  reflectiv e 
surfac e  o n the m both .  Th e  surfac e  o f  th e  lowe r  roo f  shoul d reflec t  th e 
lo w temperatur e  hea t  an d fo r  th e  oute r  shadin g devic e  a  whit e  surfac e  i s 
best .  A  brigh t  meta l  surfac e  suc h a s  aluminiu m o r  a  whit e  painte d surfac e 
wil l  hav e  sola r  absorptivitie s  o f  0. 1  t o  0. 5  respectivel y (se e  Tabl e  4 ) . 
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labl e  4 :  Sola r  Absorptivit y  Value s  fo r 
Differen t  Material s 

Materia l Colou r  o r  Conditio n 

o r 
Componen t Whit e Ligh t Dar k Dirt y 

Bric k 0.2-0. 5 0.4-0. 5 0.6-0. 9 0.5-0. 9 

Ston e 0.3-0. 5 0.3-0. 5 0.5-0. 6 0.5-0. 9 

Tile s 0.3-0. 5 0. 4 0. 8 0.5-0. 9 

Asphal t 0. 9 

Gre y Slat e 0.8-0. 9 

Asbesto s 0. 6 

Aluminiu m 0.1-0. 5 0. 2 0. 4 

Coppe r 
(tarnished ) 

0. 6 

Wate r 
lm.thic k 2m.thic k 3m.thic k 

Wate r 
0.5 6 0.6 1 0.6 4 

The  amoun t  o f  inciden t  sola r  radiatio n (i )  absorbe d b y a  surfac e  depend s 
on it s  sola r  absorptivit y  (a )  an d it s  reflectivit y  (r ) 

oc  -  i  -  r 

The  radiatio n absorbe d b y th e  materia l  i s  dissipate d throug h i t  a s  hea t 
an d som e  i s  emitte d bac k int o th e  spac e  b y a n amoun t  determine d b y th e 
emissivit y  o f  th e  surfac e  Å  thu s 

Net t  gai n o f  energ y throug h materia l  =  ( a  -  Ea ) 

--  a  ( 1  -  E ) 

Fo r  th e  tw o example s  show n i n Figur e  5  belo w th e  whit e  ston e  surfac e  an d 
th e  brigh t  aluminiu m surfac e  hav e  ne t  gai n o f  0.0 3 an d 0.19 2 respectively . 
I f  th e  whit e  surfac e  become s  ver y dirt y  th e  ne t  gai n become s  0.0 9 an d 0.2 4 
fo r  th e  ston e  an d aluminiu m surface s  respectively .  Value s  o f  emissivit y 
ar e  show n i n Tabl e  5 . 
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Tabl e  5 :  Emissivitie s  o f  Selecte d Surface s  a t  Roo m 
Temperatur e 

Materia l Emissivit y Materia l Emissivit y 

Polishe d aluminiu m 0.0 4 Whit e  ename l 0.9 0 
Weathere d aluminiu m 0.4 0 Whit e  pape r 0.9 5 
Aluminiu m roofin g 0.2 2 Plaste r 0.9 1 
Polishe d bras s 0.1 0 Paint s 0.9 5 
Oxidise d bras s 0.6 1 Ic e 0.9 7 
Roug h stee l  plat e 0.9 4 Wate r 0.9 6 
Weathere d stainles s Wood 0.9 3 

stee l 0.8 5 Glas s 0.9 3 
Asphal t 0.9 3 
Red bric k 0.9 3 

Clearl y  glas s  an d blac k surface s  allo w a  large r  sola r  transmissio n an d 
henc e  a  hig h gai n t o  occur . 

The  roo f  i n  Figur e  6  show s  ho w t o limi t  direc t  radiatio n durin g th e  da y 
an d maximis e  th e  emissio n o f  hea t  outward s  a t  night .  Th e  oute r  elemen t 
mus t  hav e  a  lo w therma l  capacit y  t o  ensur e  quic k coolin g afte r  sunset . 
The  structure' s  shadin g devic e  ha s  a  primar y objectiv e  t o  cu t  ou t  th e 
direc t  radiatio n fro m th e  overhea d sun .  Th e  secon d objectiv e  i s  t o 
provid e  diffuse d ligh t  (absenc e  o f  glare )  t o  th e  inne r  space ,  ye t  b e 
architecturall y  pleasing .  Th e  desig n o f  a  suitabl e  shadin g devic e  depend s 
o n fundin g a  shadin g mas k whic h overlap s  th e  overhea t  perio d a s  closel y a s 
possible .  Th e  concret e  shoul d b e  thic k enoug h t o  achiev e  a  10-1 2 hou r 
tim e  lag . 

An alternativ e  roo f  (figur e  6b )  coul d b e  o f  a  mor e  traditiona l 
constructio n wit h th e  primar y objective s  bein g t o  limi t  hea t  gai n an d 
nois e  intrusion .  A  wel l  insulate d hig h therma l  mas s  i s  the n necessar y 
wit h a  tim e  la g o f  12-1 4 hours .  Th e  oute r  surfac e  wil l  b e  ligh t  coloure d 
t o  reflec t  th e  inciden t  sola r  wit h insulatio n o n th e  oute r  fac e  o f  th e 
structure .  Th e  combinatio n o f  bot h reduce s  th e  hea t  outpu t  t o  th e 
building . 

By placin g th e  therma l  mas s  correctl y  i n  th e  structur e  th e  buil d  u p o f 
therma l  gain s  wil l  b e  delaye d an d wil l  no t  coincid e  wit h highes t  externa l 
temperatures .  Thi s  result s  i n  a  reductio n o f  th e  pea k loa d an d i n  bette r 
performanc e  o f  th e  airconditionin g system . 

Figur e  7  illustrate s  th e  effec t  o f  colou r  an d densit y  o n th e  roo f  coolin g 
load ,  ligh t  colour s  reduc e  th e  coolin g loa d considerably .  Th e  effec t  o f 
mas s  i s  mor e  importan t  belo w abou t  250kg/m 2. 

Wall s  als o hav e  t o  giv e  protectio n agains t  sola r  heat ,  externa l  noise , 
dus t  an d enhanc e  security .  Th e  structur e  mus t  dela y an d alternat e  th e 
hea t  gai n s o tha t  pea k syste m load s  d o no t  coincid e  wit h pea k externa l 
conditions .  A  wel l  insulate d heav y constructio n i s  needed .  Th e  externa l 
fac e  shoul d b e  ligh t  coloure d an d hav e  a  lo w sola r  absorptivity .  Ver y fe w 



16 

buildin g block s  hav e  lo w value s  an d th e  bes t  tha t  ca n b e  expecte d i s 
somethin g simila r  t o  loca l  Riyad h stone ,  whic h i s  a  ligh t  yello w an d ha s 
a n absorptivit y  o f  0.5 5 o r  marbl e  wit h a n eve n lowe r  valu e  (0.45) .  A 
heav y concret e  interna l  ski n ensure s  tha t  th e  tim e  lengt h i s  high .  Fo r 
aestheti c  reason s  th e  insulatio n woul d b e  place d behin d th e  stone .  Fo r 
hot ,  dr y climates ,  colou r  an d densit y  ar e  o f  prim e  importanc e  fo r  wal l 
construction .  Anothe r  importan t  elemen t  i n  reducin g sola r  gai n throug h 
wall s  i s  orientatio n bu t  th e  effec t  become s  les s  significan t  a s  th e 
therma l  densit y  o f  th e  wall s  increases .  Wit h th e  massiv e  structura l 
densit y  o f  th e  wal l  an d limite d opening s  th e  situatio n i s  als o favourabl e 
fo r  soun d insulation . 

Cod a 

Building s  modif y climate ;  the y influenc e  behaviou r  an d culture ;  the y 
affec t  th e  distributio n o f  resource s  an d th e  ecologica l  patter n o f  ou r 
planet .  Huma n aspiration s  ca n onl y b e  me t  whe n climate ,  building s  an d 
peopl e  ar e  i n  balance ;  th e  dynami c  system s  an d processe s  whic h hel p t o 
achiev e  thi s  nee d t o  wor k i n  a n interdisciplinar y manne r  s o tha t  th e  har d 
edge s  o f  engineerin g an d architectur e  ar e  dissolved .  Goo d buildin g desig n 
ca n mov e  freel y throughou t  th e  climate s  o n Eart h a s  wel l  a s  throug h time . 

Fo r  to o lon g th e  word s  building ,  construction ,  engineerin g an d 
architectur e  hav e  move d uncomfortabl y wit h on e  anothe r  an d ye t 
distinction s  betwee n aesthetics ,  for m an d functio n ar e  arbitrar y t o  sa y 
th e  least .  Huma n though t  an d lif e  nee d th e  stimulu s  o f  proactiv e  an d 
reactiv e  force s  t o  giv e  the m creativ e  movement .  Passiv e  an d activ e 
approache s  t o  environmenta l  contro l  provid e  this ,  s o technolog y ca n b e 
use d no t  onl y t o  achiev e  technica l  an d economi c  performance ,  bu t  als o t o 
contribut e  toward s  th e  sensitivit y  an d th e  emotiona l  effect s  o f  th e  buil t 
environment . 

We  ar e  learnin g th e  language s  an d thi s  include s  understandin g ho w t o blen d 
lesson s  fro m histor y wit h moder n technology . 



Annua l energ y consumptio n in barrel s of oil equivalen t per 
hea d of population . (1 Barre l of oil = 5 .694 GJ ) 

RELATIONSHI P BETWEE N ENERG Y CONSUMPTIO N AND PROPORTIO N OF 
POPULATIO N LIVING IN CITIES FOR SOM E ARAB COUNTRIE S (DEB S 1982 ) 
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Exten t of Ara b  Worl d 

KEY TO SYMBOLS 

Hatchin g Cod e Summe r Winte r Ã: 

t -H-t Hd. Wd . Hot Dry War m Dry > 

Hd . T. Hot Dry Temperat e 

Hd . C. Hot Dry Coo l 

ffffffi Wd . Wd . War m Dry War m Dry 

Wd . T. War m Dry Temperat e 

min i Wd . C. War m Dry Coo l 

J  ï  ï  ï Hh. Wd . Hot Humi d War m Dry 

Hh. T. Hot Humi d Temperat e  -

mm Hh. C. Hot Humi d Coo l 

mm Hh. Wh . Hot Humi d War m Humi d 

= Wh. Wd . War m Humi d War m Dry 

Wh. Wh . War m Humi d War m Humi d 

••/// Wh. - War m Humi d Temperat e 

>0<5'C> Wh. C. War m Humi d Coo l 

Ho t mea n  temp , o f mont h  ove r 30° c 

War m mea n temp , o f mont h  ove r 20-30° c 

Temperat e  mea n  temp , o f mont h  10-20° c 

Coo l mea n  temp , o f mont h  belo w 10° c 

Humi d  mea n  vapo r press , o f mont h  ove r 20m l 

Dry mea n  vapo r press , o f mont h  unde r 20m b 

Majo r climati c  type s  in  Afric a  an d  Arabi a 

Fig .  2 
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Fig .  3 

Averag e  Surfac e  Pressur e  & Windflo w Pattern s  - Jul y (mbars ) 

Averag e  Surfac e  Pressur e  & Windflo w Pattern s  - Januar y (mbars ) 
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SOLA R 

Protecte d from 
hot dust y wind 

Shad e 

2 1 
coo l air 
pon d 

gfflBU 

i 
coo l 
surfac e 

POO L 
(evaporativ e  cooling ) 

Reduce d hea t 
admissio n 

DAY 
with close d 
ventilatio n opening s 

Radiatio n to 
clea r sk y 

Mt 
Convectio n  fro m 
surfac e 

NIGHT 
with ope n 
ventilatio n opening s 

Conductio n throug h 
groun d 

Fig .  4 
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Tota l 
Inciden t 

1.0 Reflecte d 
Clea n surfac e  wit h  • 

á  = 0. 3 " \ ^  "  EMITTED = 0.3x0. 9 = 0.2 7 

å = 0· 9 ^ w v ^ v v v Absorbe d 0.3 NET GAIN = 0.3 - 0.2 7 = 0.0 3 

WHITE PAINTED STONE 

Tota l 
Inciden t 

1 0 Reflecte d 
Clea n  surfac e  wit h  • 

a = Q2 NŜ _Jt ^  lt_ EM,TTED = 0,2 x 0 04 = 0 008 
t = 0 0 4 y>y^.^>  Absorbe d 0.2 NET GAIN = 0.2 - 0.00 8 = 0.19 2 

BRIGHT ALUMINIUM 

Fig . 
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Lo w Temp . 

Sufficien t Spac e VT-r- ^ 
» ) " ô 

INSULATIO N 

CONCRET E 
Therma l mas s 

Uppe r Shadin g 
devic e 

Shin y Surfac e 

Fig .  6a Shade d an d Insulate d Roo f 

OUTSID E 

Whit e  reflectiv e 
surfac e 

ma INSULATIO N ma 
CONCRET E 

Therma l mas s 

INSIDE 

Fig .  6 b Traditiona l  Insulate d Roo f 
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Fig .  7 Effec t  o f  surfac e  weigh t  an d colou r  o n 
roo f  hea t  gai n 

1. Sourc e  - Kuwai t Ministr y o f Electricit y 

2. Converte d  fro m Imperia l Unit s 



SOM E EXPERIMENT S ON IMPROVING THERMAL COMFOR T AND INCREASIN G USEFU L 
THERMAL GAINS IN SUNSPACE S 

Ker r MacGrego r 

Departmen t o f Mechanica l Engineering , Napie r Polytechni c  o f Edinburgh , 
Colinto n  Road , Edinburgh , EH1 0 5DT , Scotlan d 

ABSTRAC T 

Thi s  pape r identifie s  som e strategie s  fo r improvin g  bot h  th e  environmenta l an d  therma l 
performanc e  o f attache d  sunspaces , an d  describe s  experimenta l wor k t o  evaluat e  th e 
performanc e  o f on e  o f thes e  strategies . It is  conclude d  tha t substantia l improvement s  ar e 
possibl e  b y applyin g  element s  o f activ e  sola r heatin g  t o  passiv e  sola r system s  suc h  a s 
sunspaces . 

KEYWORDS 

Sunspaces ; passiv e  solar ; therma l comfort , sola r gain , hybri d  solar . 

INTRODUCTION 

A sunspac e  o r attache d  conservator y shoul d  provid e  benefit s  bot h  o f amenit y an d  energ y 
savings . Howeve r ther e  is  ofte n  a  conflic t betwee n  achievin g  reasonabl e  comfor t fo r th e 
occupant s  an d  maximisin g  th e  usefu l sola r gain . If th e  sunspac e  is  designe d  an d  operate d  a s 
a n  efficien t sola r collecto r it is  usuall y uncomfortable . If it is  comfortabl e  th e  usefu l 
energ y saving s  ar e  usuall y disappointin g  (Jame s  et.al . 1985) . 

ANALYSIS O F PROBLE M 

An attache d  sunspac e  ca n  b e  considere d  thermall y bot h  a s  a n  insulato r an d  a  sola r collector . 
It insulate s  b y providin g  a n  additiona l therma l resistanc e  betwee n  th e  buildin g  surface s  it 
cover s  an d  th e  externa l environment . In  addition , whe n  th e  su n  shine s  it act s  a  a  sola r 
collector . Th e  collecte d  sola r hea t ca n  b e  use d  in  th e  sunspac e  itself , fo r exampl e  t o  provid e 
spac e  heating , o r it ma y b e  transmitte d  to  th e  adjacen t buildin g  fo r spac e  o r wate r heating . 

A majo r constrain t o n  th e  usefulnes s  o f th e  collecte d  sola r hea t in  a  sunspac e  is  th e  nee d  t o 
provid e  reasonabl e  therma l comfor t fo r peopl e  an d  possibl y als o  plants . Allowabl e  uppe r 
comfor t limit s  o n  bot h  ai r an d  radian t temperature s  :° th e  sunspac e  creat e  engineerin g 
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problem s  In  storag e  an d  transmissio n  o f th e  sola r heat . Th e  intermitten t sola r gai n  throug h 
glaze d  roof s  is  speciall y problematic . 

EXISTING SOLUTION S 

Conventiona l strategie s  fo r dealin g  wit h  o r utilisin g  intermitten t input s  o f sola r hea t whil e 
maintainin g  reasonabl e  therma l comfor t includ e  : 

( i ) Ventin g 
( i i ) Shadin g 

( i i i ) Passiv e  therma l storag e 
( i í ) Hea t transfe r t o  adjacen t building . 

Ventin g  t o  atmospher e  is  quit e  simpl e  an d  effectiv e  in  controllin g  ai r temperatur e  in  th e 
sunspace . Howeve r it is  ineffectiv e  in  controll in g  radian t temperatur e  an d  it is  als o 
wastefu l in  term s  o f utilisin g  sola r energy . Shadin g  is  quit e  effectiv e  in  controllin g  th e 
radian t temperatur e  experience d  b y th e  occupant s  o f th e  sunspace . Howeve r if th e  shade s 
ar e  reflectiv e  the y caus e  wastefu l rejectio n  o f potentiall y usefu l sola r energ y whil e  if the y 
ar e  absorban t the y wil l hea t u p  an d  releas e  unwante d  hea t bot h  b y convectio n  an d  radiatio n  . 
Passiv e  therma l storage , fo r exampl e  th e  us e  o f hig h  therma l mas s  floor s  an d  wall s  is 
theoreticall y quit e  attractiv e  a s  a  mean s  o f dampin g  temperatur e  swing s  in  a  sunspac e  bu t 
ther e  ar e  practical , economi c  an d  aestheti c  difficultie s  in  providin g  large , bar e  area s  o f 
masonr y in  a  livin g  space . Hea t transfer , fo r exampl e  b y closed-loo p  circulatio n  o f ai r t o 
th e  adjacen t buildin g  is  contraine d  b y th e  nee d  t o  limi t th e  uppe r ai r temperatur e  in  th e 
sunspac e  fo r comfor t purpose s  an d  th e  consequen t limitatio n  o n  th e  necessar y temperatur e 
differentia l betwee n  sunspac e  an d  buildin g  in  orde r t o  transfe r hea t withou t excessiv e  ai r 
flo w rates . A variatio n  is  t o  us e  th e  sunspac e  simpl y fo r open-loo p  sola r pre-heatin g  o f 
ventilatio n  ai r fo r th e  building . Thi s  is  quit e  attractiv e  bu t is  it s  energ y yiel d  is  limite d  b y 
lac k o f therma l storag e  capacit y in  th e  sunspace . Neithe r o f th e  ope n  o r close d  loo p hea t 
transfe r s trategie s  addresse s  th e  proble m o f control l in g  radian t temperature s  in  th e 
sunspace . 

ALTERNATIVE SOLUTION S 

In  orde r t o  overcom e th e  apparen t incompatibilit y betwee n  comfor t an d  energ y yiel d  in 
sunspace s  I propos e  a  strateg y whic h  combine s  bot h  shading  an d solar  heat  collection. 
Shading , preferabl y variable , addresse s  th e  problem s  o f therma l an d  visua l discomfor t 
cause d  b y nigh level s  o f uncontrolle d  sola r irradiance . Hea t collectio n  provide s  fo r th e 
controlle d  an d  efficien t gatherin g  o f sola r energ y whic h  woul d  otherwis e  b e  waste d  o r a n 
embarrassment . If th e  hea t ca n  comfortabl y b e  collecte d  a t a  temperatur e  leve l significantl y 
highe r tha n  th e  comfortabl e  environmenta l temperatur e  in  th e  occupie d  par t o f th e  sunspac e 
the n  th e  engineerin g  o f hea t transfe r an d  hea t storag e  is  simplified . 

Thre e  possibilitie s  fo r combine d  o r integrate d  shadin g  an d  sola r hea t collectio n  in  attache d 

sunspace s  ar e  outline d  below . 
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Fig . 1 "FLUI D SHADES " 
A flui d  wit h  dar k coloure d  particle s  in  suspensio n  is  pumpe d throug h a  t ranslucen t 
double-ski n  pane l whic h  is  locate d  unde r th e  roo f o f th e  sunspace . Th e  particle s  absor b 
sola r radiatio n  an d  th e  hea t is  transferre d  b y th e  circulatin g  flui d  t o  a  stor e  fo r spac e  o r 
wate r heating . Th e  concentratio n  o f suspende d  particles , an d  thu s  th e  absorptivit y an d 
transmissivit y o f th e  panel , ma y b e  varie d  t o  provid e  variabl e  shading . Thi s  is  th e  subjec t 
o f a  paten t applicatio n  (MacGregor , 1987) . 

s i , s i x 

- o - ^ - o -

Fig . 2 "FIN SHADES " 

Severa l row s  o f pip e  an d  fin  absorbe r strip s  base d  o n  sola r wate r heatin g  technolog y ar e 
locate d  unde r th e  sunspac e  roof . Th e  fin s  ma y b e  rotate d  t o  provid e  shadin g  an d  sola r hea t 
collectio n  o r t o  allo w sola r hea t an d  ligh t t o  ente r th e  sunspace . Wate r is  circulate d  b y 
pum p throug h th e  pipe s  an d  transfer s  th e  collecte d  hea t t o  a  store . Th e  lo w emissivit y rea r 
surfac e  o f th e  fin s  reduce s  downwar d  radian t hea t transfe r b y da y an d  upwar d  radian t hea t 
los s  a t night . 
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Fig . 3 "REFLECTOR/COLLECTOR " 

A reflectiv e  blin d  ca n  b e  draw n horizontall y forwar d  fro m th e  bac k o f th e  sunspace . Muc h o f 
th e  sola r energ y passin g  throug h th e  glaze d  roo f o f th e  sunspac e  is  thu s  reflecte d  ont o  a 
wate r coole d  absorbe r plat e  locate d  o n  th e  rea r wal l , eithe r directl y o r b y multipl e 
reflection . Th e  absorber , mad e  o f conventiona l sola r wate r heatin g  materials , experience s 
quit e  intensiv e  irradiatio n  an d  is  locate d  in  a  zon e  o f relativel y hig h  ai r temperature . 
Collecte d  hea t is  transferre d  b y pum p (o r thermosyphon ) t o  a  store . B y drawin g  th e  blin d 
th e  sunspac e  is  effectivel y converte d  int o  tw o zones . Th e  uppe r triangl e  become s  a 
moderatel y efficien t sola r collecto r whil e  th e  lowe r shade d zon e  shoul d  b e  reasonabl y coo l 
an d  comfortable . 

EXPERIMENTA L WOR K 

An experimenta l tes t rig  t o  evaluat e  som e o f thes e  idea s  wa s  constructe d  o n  th e  roo f o f 
Napie r Polytechni c  (Fig . 4) 

Fig . 4 Sunspac e  rig  fo r comparativ e  testing . 

It consist s  o f tw o smal l side-by-sid e  attache d  sunspac e  tes t cell s  wit h  glaze d  slopin g  roof s 
an d  vertica l sout h  wall s  (tripl e  ski n  polycarbonate) . Th e  floo r an d  th e  remainin g  wall s  ar e 
insulate d  wit h  polystyren e  foam . Th e  structur e  is  mad e  usin g  timbe r an d  plywoo d o r 
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chipboard . Thi s  lo w therma l capacity , hig h  insulatio n  desig n wa s  deliberatel y chose n t o 
exacerbat e  overheatin g  du e  t o  sola r gain . Therma l comfor t in  eac h  tes t cel l is  assesse d  b y 
th e  resultan t (o r globe ) temperatur e  whic h  is  th e  temperatur e  recorde d a t th e  centr e  o f a 
blac k 10 0 m m glob e  whic h  is  locate d  centrall y a t approximatel y seate d  hea d  height . Th e 
resultan t temperatur e  is  affecte d  b y ai r temperature , mea n  radian t temperatur e  an d  ai r 
velocity . Fo r a n  ai r velocit y o f 0. 1 m/s , th e  resultan t temperatur e  is  th e  mea n o f th e  ai r 
an d  mea n  radian t temperatures . In  on e  tes t cell , th e  reference  cell , ther e  ar e  n o  contro l 
devices . In  th e  other , th e  modified  cell , variou s  contro l device s  an d  system s  ca n  b e 
installed . Th e  performanc e  o f th e  tw o  cell s  ca n  the n b e  compare d  unde r side-by-sid e 
weathe r condition s  an d  th e  effectivenes s  o f th e  contro l device s  ca n  b e  assessed . 

A fairl y crud e  bu t simpl e  measur e  o f th e  comparativ e  effectivenes s  o f th e  contro l device s  in 
improvin g  therma l comfor t is  define d b y th e  concep t Temperatur e  Swin g  Ratio n  (TSR ) 

Wher e  TS R = -Ô-Ô Î  ^  wher e  Ä Ô mo d an d (XT re f ar e  th e  2 4 hou r 
Á é r e F 

swing s  in  resultan t (o r globe ) temperature s  in  th e  modifie d  an d  referenc e  tes t cell s 
respectively . Th e  2 4 hou r swin g is  take n a s  th e  differenc e  betwee n th e  highes t glob e 
temperatur e  in  th e  cel l recorde d  durin g  th e  da y an d  th e  lowes t recorde d  durin g  th e  followin g 
24 hours , usuall y occurin g  in  th e  earl y hour s  o f th e  morning . Th e  lowe r th e  valu e  o f TSR , 
th e  mor e  effectiv e  th e  contro l strateg y o r device . 

RESULT S 

Th e  Reflector/Collecto r concep t (Fig . 3 ) wa s  evaluate d  usin g th e  tes t cell s  . An  absorbe r 
wa s  mad e  fro m a  serpentin e  gri d  o f 15 m m 0. D coppe r wate r pipe s  t o  whic h  0. 9 m m thic k 
aluminiu m fin s  wer e  mechanicall y an d  thermall y at tache d  usin g th e  Clip-Fi n  metho d 
(MacGregor , 1983) . Th e  absorber , wit h  a  non-selectiv e  fron t surfac e  an d  bare , shin y rea r 
surface , wa s  mounte d  o n  th e  uppe r par t o f th e  bac k wal l o f th e  modifie d  sunspace . No  bac k 
insulat io n  wa s  used . A n  a luminise d  reflect iv e  b l in d  (Reflex-Rol l ) wa s  s t re tche d 
horizontall y t o  for m th e  bas e  o f a  triangula r sectio n  spac e  wit h  th e  sunspac e  roo f a s 
hypotenus e  an d  th e  absorbe r a s  th e  vertica l side . Wate r wa s  circulate d  b y pum p throug h th e 
absorbe r t o  a  cylindrica l storag e  tan k wit h  a  capacit y o f 5 0 I. Th e  tan k wa s  locate d  insid e 
th e  tes t cel l and , fo r thi s  tes t wa s  lef t uninsulated . 

Thre e  operationa l strategie s  wer e  evaluate d  : 

( i ) No  reflectiv e  blind , continuou s  pum p operation . 
( i i ) Reflectiv e  blin d  in  place , continou s  pum p operation . 

( i i i ) Reflectiv e  blind , daytim e pum p operatio n  onl y (Thermostati c  control ) 



29 

Th e  result s  ar e  summarise d  belo w (Tabl e  1) an d  a  typica l 2 4 hou r recor d  is  show n in  Fig . 

STRATEG Y TES T PERIO D AVERAG E DAILY 
TEMPERATUR E SWIN G RATIO 

(TSR ) 

(>) 1 0 - 2 6 t h  Octobe r 198 9 0.7 9 

(17 days ) 

(û) 9t h  Januar y - 3r d  Fe b  199 0 0.6 9 

(19 days ) 

(iii) 22n d F e b - 1 6 t h  Marc h  199 0 0.6 0 

(20 days ) 

TABL E 1 . Summar y o f comparativ e  environmenta l performance . 

J é é 1 i — 

l2oo t£o o l o o o 2 4 0 0 

Fig . 5 Typica l temperatur e  record s  in  comparativ e  tests . 
DISCUSSIO N OF RESULT S 

Eve n  thoug h mos t o f th e  testin g  wa s  don e  a t a  tim e  o f yea r whe n  th e  su n  wa s  lowe r an d 
therefor e  roof-transmitte d  sola r radiatio n  wa s  les s  o f a  proble m a s  regard s  overheatin g  an d 
discomfort , th e  result s  ar e  encouraging . Th e  unshade d  (n o  reflectiv e  blind ) syste m reduce s 
temperatur e  swing s  b y abou t 20% . Th e  additio n  o f fixe d  reflectiv e  shade s  improve s  thi s 
figur e  t o  abou t 3 0 % whil e  slightl y mor e  sophisticate d  pum p contro l raise s  it t o  abou t 40% . 
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Th e  benefit s  o f combine d  roo f shadin g  plu s  collectio n  system s  ar e  likel y t o  b e  mor e  marke d 
whe n th e  su m is  highe r in  summe r an d  it shoul d  b e  reasonabl e  t o  expec t temperatur e  swin g 
reduction s  o f th e  orde r o f 50 % o r mor e  durin g  thi s  period . Furthe r improvement s  ma y als o 
occu r if a n  insulate d  storag e  tan k is  used , wit h  thermostaticall y controlle d  releas e  o f hea t t o 
th e  sunspac e  a t night . 

In  thes e  test s  th e  collecte d  sola r hea t wa s  use d  entirel y fo r warmin g  th e  sunspac e  a t night . 
An alternativ e  is  t o  us e  it t o  pre-hea t domesti c  ho t wate r fo r th e  adjacen t building . Th e 
collecto r performanc e  characteristic s  o f th e  bar e  uninsulate d  absorbe r plat e  use d  in  th e 
modifie d  sunspac e  wer e  measure d  ove r a  shor t winte r perio d  o f severa l days . Wit h  th e 
reflectiv e  blin d  in  plac e  th e  followin g  value s  wer e  obtained . 

F r = 0.4 8 (Intercep t o f characteristi c  line ) 

F ru  = 10. 3 W / m 2K (slop e  o f characteristi c  line ) 

Thes e  figure s  wer e  base d  o n  th e  irradanc e  inciden t o n  th e  slopin g  roo f o f th e  sunspace . Whil e  it is 
no t strictl y vali d  t o  compar e  thes e  figure s  wit h  thos e  fro m conventiona l sola r collecto r testing , 
nevertheles s  thi s  appear s  t o  b e  a  reasonabl y performanc e  fro m a  ver y simpl e  collecto r whic h  is 
performin g  anothe r functio n  (environmenta l control ) in  additio n  t o  hea t collection . 

FURTHE R WOR K 

It is  intende d  t o  exten d  testin g  o f th e  "Reflector/Collector " syste m describe d  t o  includ e  summe r 
operatio n  an d  pre-heatin g  o f domesti c  ho t water . In  addition , prototype s  o f th e  "Flui d  Shades " an d 
"Fi n  Shades " device s  hav e  bee n  constructe d  an d  wil l b e  teste d  in  a  simila r manner . 

CONCLUSIO N 

Th e  us e  o f element s  fro m activ e  sola r heatin g  techolog y to  improv e  bot h  environmenta l contro l an d 
als o  t o  increas e  usefu l energ y yiel d  in  passiv e  sola r system s  suc h  a s  attache d  sunspace s  appear s 
bot h  practica l an d  effective . 
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ABSTRACT 

Hade n Cour t  i s  a  demonstratio n projec t  withi n th e  Energ y Efficienc y Office' s 
Energ y Efficienc y Demonstratio n Schem e  lookin g a t  rehabilitatio n o f  traditiona l 
construction ,  low/medium-ris e  flats .  I t  show s  tha t  a  comprehensiv e  packag e  o f 
energ y measures ,  includin g bot h insulatio n an d passiv e  sola r  feature s  ca n 
provid e  energy-efficien t  home s  cos t  effectivel y whe n applie d a s  par t  o f  a 
genera l  reha b programm e  -  a s  wel l  a s  providin g additional ,  non-energ y benefits . 
An energ y targe t  o f  25-30 % belo w 198 5 Buildin g Regulation s  standard s  wa s 
achieve d usin g availabl e  technolog y -  whic h i s  stil l  10-20 % belo w th e  revise d 
199 0 Regulations .  Stag e  I  wa s  complete d i n  Ma y 1990 :  th e  cos t  o f  th e  energ y 
measure s  wa s  £243 0 pe r  fla t  -  ou t  o f  a  tota l  o f  £3480 0 pe r  flat .  Wit h a 
predicte d savin g o f  £110-220/fla t  pe r  yea r  thi s  achieve s  a  simpl e  paybac k o f 
11-2 2 years . 

KEYWORDS 

Energy-efficiency ;  passiv e  solar ;  payback ;  rehabilitatio n 

EXISTIN G SITUATIO N 

Hade n Cour t  i s  a n estat e  i n  Nort h Londo n o f  10 2 flat s  an d maisonettes ,  i n  4 
an d 5  store y walk-u p blocks ,  buil t  betwee n 195 3 an d 195 8 wit h soli d  bric k wall s 
an d concret e  roof s  an d floors .  I n  198 5 th e  building s  wer e  har d t o  hea t  an d 
suffere d condensatio n problem s  -  simila r  t o  ten s  o f  thousand s  o f  Council-owne d 
propertie s  i n  London .  A  feasibilit y  stud y (funde d b y th e  Buildin g Researc h 
Energ y Conservatio n Suppor t  Uni t  (BRECSU) )  conclude d tha t  a  combine d 
insulatio n an d passiv e  sola r  packag e  coul d b e  cos t  effectiv e  i n  conjunctio n 
wit h a  norma l  rehabilitatio n programm e  an d provid e  additiona l  amenit y benefits . 
Averag e  saving s  pe r  dwellin g o f  6000-1000 0 kWh/yea r  wer e  identifie d wit h a 
potentia l  replicabilit y  i n  Londo n o f  295-66 0 millio n kWh/year . 

I n  198 6 Islingto n Counci l  decide d t o  carr y ou t  th e  recommendation s  o f  th e 
feasibilit y  study ,  a s  a  pilo t  stud y fo r  thei r  futur e  estat e  improvemen t 

31 



32 

programmes .  BRECS U agree d t o  suppor t  th e  projec t  a s  par t  o f  thei r  Energ y 
Efficienc y Demonstratio n Schem e  an d appointe d Davi d Clark e  Associate s  a s  energ y 
desig n consultant s  t o  advis e  th e  Islingto n Architect s  Department . 

TARGETS 

The  uninsulate d building s  penalis e  occupant s  compare d wit h resident s  o f  ne w 
dwelling s  an d reinforc e  positiona l  disadvantage s  o f  to p floo r  o r  en d o f  bloc k 
situations .  I t  woul d see m unacceptabl e  tha t  majo r  rehabilitatio n programme s 
shoul d b e  allowe d t o  provid e  a  ne w 3 0 yea r  lif e  fo r  th e  propert y withou t  als o 
improvin g th e  performanc e  o f  th e  buildin g fabri c  t o  mee t  contemporar y 
expectations ,  a s  thi s  woul d creat e  sub-standar d dwellings . 

The  energ y targe t  fo r  th e  projec t  wa s  a  25-30 % improvemen t  o n requirement s  fo r 
ne w building s  i n  th e  198 5 Regulations ,  a s  thes e  level s  coul d b e  achieve d 
easil y  wit h existin g technology .  Thi s  targe t  wil l  stil l  b e  a n improvemen t  o n 
new-buil d  requirement s  o f  th e  revise d 199 0 Regulation s  -  a t  Bloc k F ,  fo r 
example ,  10-20 % bette r  -  bu t  thi s  shoul d b e  see n mor e  a s  commen t  o n th e  timidit y 
of  th e  revise d regulation s  tha n an y exces s  i n  th e  target . 

STRATEGY 

The  layou t  o f  energ y measure s  fo r  th e  estat e  wa s  worke d ou t  a s  follows : 

Conservatorie s 

Conservatorie s  provid e  energ y benefit s  a s  wel l  a s  increase d floo r  area .  The y 
are ,  however ,  comparativel y expensiv e  an d s o hav e  bee n applie d wher e  th e  maximu m 
benefi t  i s  gaine d (i.e .  t o  undersize d dwellings )  an d wher e  the y ca n b e  simpl y 
constructed .  Carefu l  stud y o f  th e  dwellin g size s  an d th e  feasibilit y  o f 
constructio n resulte d i n  conservatorie s  bein g propose d t o  3 7 dwellings ,  i n  5  o f 
th e  6  blocks . 

Tromb e  Wall s 

Retrofi t  Tromb e  Wal l  application s  t o  South-facin g blan k wall s  coul d hav e  bette r 
energ y performanc e  tha n simpl e  insulation ,  bu t  detaile d analysi s  showe d tha t 
thes e  wer e  no t  a  viabl e  optio n fo r  thi s  estate . 

Roo f  Spac e  Collector s 

The  Boroug h Architec t  decide d a t  a n earl y  stag e  t o  ad d pitche d roof s  t o  al l 
blocks ,  mostl y  a s  a n aestheti c  choic e  an d t o  provid e  a  roo f  coverin g wit h a 
longe r  life .  Followin g thi s  decision ,  glazin g th e  Sout h slop e  o f  th e  ne w roo f 
an d usin g existin g flue s  t o  blo w war m ai r  int o th e  dwelling s  seeme d a  promisin g 
optio n -  particularl y  a s  a  prototyp e  fo r  urba n area s  wher e  overshadin g i s 
common t o lowe r  floors . 

As  flat s  -  wit h greate r  therma l  storag e  -  an d maisonette s  -  whic h benefi t  fro m 
natura l  'stac k effect '  ai r  circulatio n -  woul d perfor m differentl y  wit h a  roof -
spac e  collector ,  i t  wa s  decide d t o  loo k a t  both .  Th e  lon g roo f  o f  Bloc k A  ha s 
a  bette r  orientatio n tha n Bloc k F  an d coul d provid e  a  remot e  collecto r 
supplyin g eigh t  2-bedroo m flat s  a t  th e  Nort h end ,  whic h suffe r  sever e 
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overshadin g b y th e  lon g bloc k itself .  Th e  mos t  overshadowe d maisonett e  bloc k 
i s  Bloc k B ,  an d a  roof-spac e  collecto r  wa s  propose d t o  th e  eigh t  mid-terrac e 
2-bedroo m maisonette s  t o  simplif y comparison .  Th e  sit e  layou t  als o allowe d 
steepe r  pitche d roof s  o n thes e  tw o blocks ,  t o  optimis e  th e  collector s  withou t 
significantl y  increasin g shadin g t o  othe r  dwellings . 

Enclosur e  o f  acces s  gallerie s 

Ther e  ma y b e  littl e  differenc e  i n  energ y performanc e  betwee n enclosin g acces s 
gallerie s  t o  for m a  buffe r  spac e  o r  insulatin g th e  wall s  an d windows .  I n  som e 
blocks ,  th e  acces s  galler y i s  recesse d wit h a n inadequat e  wal l  t o  th e  dwellin g 
an d uninsulate d concret e  slab s  t o  th e  bedroom s  abov e  an d below :  i n  thi s  cas e 
simpl e  enclosur e  o f  th e  acces s  galler y wa s  show n t o b e  a s  effectiv e  i n  energ y 
term s  a s  mor e  expensiv e  insulatio n measures ,  a s  wel l  a s  providin g amenit y t o 
th e  residents . 

Bloc k A  no t  applicabl e  a s  acces s  wa s  fro m glaze d stairwells . 
Bloc k Â  (2n d floor) ,  Block s  C  &  D  (1s t  an d 3r d floors ) 

recesse d gallerie s  coul d b e  simpl y enclose d b y singl e  glazin g 
betwee n th e  parape t  wal l  an d th e  downstan d bea m over . 

Bloc k Å  (2n d floor )  an d Bloc k F  (1st ,  2n d an d 3r d floors ) 
full y  expose d gallerie s  woul d requir e  a  structurall y  independen t 
enclosure . 

Insulatio n 

Walls .  Interna l  insulatio n reduce s  th e  siz e  o f  alread y under-size d rooms . 
Externa l  insulatio n i s  mor e  effective ,  thoug h mor e  expensive ,  bu t  a t  Hade n 
Cour t  woul d concea l  goo d qualit y  facin g brickwork .  Th e  packag e  optimise d a 
balanc e  o f  externa l  an d interna l  insulation ,  an d buffering .  Externa l  insulatio n 
was  propose d t o  reduc e  th e  locationa l  inequalitie s  o f  to p floor s  an d flan k 
walls .  Interna l  insulatio n wa s  t o  b e  applie d o n al l  othe r  wall s  no t  buffere d b y 
a  conservator y o r  enclose d acces s  gallery . 

Roofs .  A  pitched ,  insulate d roo f  woul d b e  adde d t o  al l  blocks .  A  lo w pitc h 
woul d minimis e  overshadin g an d allo w wind-assiste d ventilatio n pre-hea t  t o  th e 
maisonett e  block s  wit h conservatories ,  b y th e  us e  o f  ridge-vents . 

Floors .  Uninsulate d concret e  groun d slab s  ar e  a  majo r  sourc e  o f  hea t  los s  an d 
discomfort ,  particularl y  i n  intermittentl y  heate d dwellings ,  an d a n insulate d 
floatin g floo r  wa s  proposed . 

Windows .  Th e  window s  a t  Hade n Cour t  wer e  galvanise d stee l  i n  soun d condition . 
The y wer e  however ,  ofte n a  poo r  fi t  an d draught y an d wer e  a  majo r  sourc e  o f 
tenan t  discomfor t  an d condensation .  Secondar y glazin g wa s  propose d t o  al l 
North-facin g window s  (wher e  no t  buffered )  wit h improvement s  t o  al l  othe r 
windows ,  a s  necessary . 

Plant .  Extrac t  fan s  wer e  t o  b e  installe d t o  al l  kitchen s  an d bathroom s  wit h 
controlle d ventilatio n t o  al l  habitabl e  rooms . 

Ful l  centra l  heatin g i s  generall y  inappropriat e  t o  lo w energ y buildings . 
Demonstratio n project s  hav e  show n tha t  reduce d heatin g installation s  ca n provid e 
adequat e  an d affordabl e  comfor t  level s  a t  a  considerabl e  capita l  saving ,  whic h 
ca n hel p t o  offse t  th e  cos t  o f  th e  energ y measures . 
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STAGE I  (Bloc k F ) 

Compute r  Modellin g 

Two adjacen t  flat s  ( 1  an d 3-bedroom )  wer e  modelle d i n  eac h o f  3  position s 
(ground ,  middl e  o r  to p floor) :  a )  a s  existing ;  b )  a s  i f  buil t  t o  198 5 Buildin g 
Regulation s  standard s  an d c )  a s  b )  bu t  draught-strippe d -  t o  provid e  th e  bas e 
fo r  th e  targe t  improvements .  Al l  model s  wer e  ru n fo r  'low '  an d 'typical ' 
interna l  gain s  an d 'typical '  an d 'high '  heatin g schedule s  a s  mos t  suitabl e  fo r 
publi c  secto r  housin g wit h hig h level s  o f  occupancy .  A  wid e  rang e  o f  differen t 
energ y package s  wer e  the n ru n identifyin g th e  dominan t  element s  o f  hea t  loss , 
minimisin g th e  inequalitie s  o f  positio n an d testin g th e  strategi c  applicatio n 
of  energ y measures ,  t o  achiev e  th e  targe t  savings . 

The  selecte d packag e  included :  3  store y conservator y t o  L/ R o f  3-be d flat s 
(wit h balcon y t o  to p floo r  flat) ;  acces s  galler y enclose d t o  to p thre e  floors ; 
externa l  insulatio n t o  flan k wall s  an d to p floo r  o f  South-Wes t  an d North-Eas t 
elevation s  (wher e  no t  buffere d b y acces s  galler y enclosure) ;  insulate d dry -
linin g t o  al l  othe r  externa l  walls ;  insulate d floatin g floo r  t o  groun d slab ; 
insulatio n t o  roof ;  secondar y glazin g t o  al l  window s  excep t  wher e  buffere d b y 
conservator y o r  acces s  galler y enclosure ;  controlle d ventilatio n an d reduce d 
heatin g syste m t o al l  flats . 

Thes e  measure s  eradicate d inequalitie s  betwee n to p an d middl e  floo r  flats ,  bu t 
restriction s  o n th e  thicknes s  o f  insulatio n t o  th e  groun d sla b (suc h a s  doo r 
heights )  mean t  tha t  groun d floo r  flat s  wil l  perfor m les s  wel l  tha n th e  other s  -

thoug h thi s  wa s  stil l  a  35-40 % improvemen t  ove r  th e  'bas e  case '  whic h di d no t 
requir e  an y insulatio n t o  th e  floo r  slab .  Th e  overal l  packag e  showe d a n 
improvemen t  o f  25-33% ,  i n  lin e  wit h th e  targe t  figure :  th e  intentio n wa s  tha t 
th e  packag e  o f  improvement s  t o  th e  whol e  bloc k shoul d b e  cost-effective ,  rathe r 
tha n lookin g a t  individua l  element s  o r  fla t  types . 

Detaile d desig n 

Conservatories .  Detaile d desig n o f  th e  conservatorie s  ha d t o  optimis e  severa l 
requirements :  siz e  an d shap e  t o  allo w a  wid e  rang e  o f  activities ;  th e  buffe r 
spac e  t o  cove r  a s  muc h a s  possibl e  o f  th e  livin g roo m wall ;  adequat e  ventilatio n 
path s  t o  pre-hea t  ventilatio n air ;  glazin g mus t  b e  cleanabl e  fro m inside ,  o r 
obscured ;  glas s  a t  lo w leve l  mus t  compl y wit h safet y regulations ;  enoug h glazin g 
fo r  vie w fro m an d ligh t  t o  th e  roo m behind ,  t o  optimis e  sola r  gain s  i n  winter , 
bu t  no t  caus e  overheatin g (th e  S.W .  aspec t  o f  th e  conservatorie s  coul d allo w 
ove r  6k W sola r  gain s  o n summe r  afternoon s  i f  full y  glazed) ;  nee d fo r  complianc e 
wit h Buildin g Regulation s  i s  no t  clearl y  define d -  th e  Distric t  Surveyo r  fo r 
Hade n Cour t  accepte d tha t  wit h a  doo r  betwee n th e  conservator y an d th e  living -
room ,  i t  wa s  a n 'enclose d balcony '  an d nee d no t  compl y with ,  fo r  example ,  fir e 
separatio n o r  insulatio n regulations ;  geometr y an d constructio n t o  b e  simpl e  an d 
economic :  blockwor k constructio n wa s  chosen ,  mor e  accuratel y a  'su n room '  tha n 
a  conservatory . 

Enclosur e  o f  acces s  galleries .  Bloc k F  acces s  wa s  mor e  expose d tha n fo r  th e 
othe r  blocks ,  wit h railing s  rathe r  tha n a  parape t  wal l  an d a  wors e  orientation : 
th e  decisio n t o  enclos e  wa s  mad e  t o  provid e  equalit y  wit h th e  othe r  blocks ,  eve n 
thoug h th e  cos t  wa s  considerabl y higher .  Becaus e  o f  th e  greate r  exposure , 
additiona l  wor k woul d hav e  bee n require d t o  brin g th e  acces s  t o  a n acceptabl e 
standar d -  fo r  exampl e  providin g a  roo f  ove r  th e  to p floo r  galler y an d weather -
screen s  t o  th e  fron t  door s  -  an d i t  i s  th e  extra-ove r  cos t  abov e  thi s  an d th e 
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provisio n o f  insulation ,  double-glazin g an d draugh t  lobbie s  whic h shoul d b e  see n 
a s  th e  additiona l  amenit y cos t  o f  th e  ful l  enclosure . 

Enclosur e  o f  acces s  gallerie s  affect s  th e  Mean s  o f  Escap e  provision :  window s 
fro m th e  flat s  t o  th e  gallerie s  wer e  seale d shu t  an d mad e  fire-resistant ,  an d 
th e  fron t  door s  fire-resistant ;  smok e  door s  wer e  require d fro m th e  enclose d 
gallerie s  t o  th e  mai n stai r  an d openabl e  ventilatio n wa s  neede d a t  eac h level ; 
kitche n extrac t  vent s  ha d t o  b e  i n  fire-resistan t  duct s  acros s  th e  galleries . 

Insulation .  Th e  origina l  strateg y wa s  modifie d i n  th e  ligh t  o f  th e  greate r 
cos t  o f  externa l  insulation ,  omittin g i t  t o  th e  to p floo r  North-Eas t  an d South -
wes t  wall s  i n  exchang e  fo r  interna l  dry-linin g an d a  greate r  thicknes s  o f  roo f 
insulation ,  whil e  retainin g i t  t o  th e  flan k walls :  thi s  achieve d th e  sam e  energ y 
performance ,  bu t  a t  a  considerabl e  cos t  saving .  Th e  soli d  wal l  an d concret e 
floo r  constructio n provide d numerou s  col d bridges ,  whic h wer e  cure d wher e 
practicabl e  b y returnin g th e  interna l  dry-linin g b y 600m m t o walls ,  an d t o  th e 
undersid e  o f  floo r  slabs .  Th e  ground-sla b wa s  insulate d throughou t  bu t 
restriction s  o n thicknes s  t o  maintai n door-height s  reduce d th e  effectivenes s 
of  thi s  measure . 

Windows .  A s  th e  existin g window s  wer e  soun d an d fi t  fo r  a  furthe r  3 0 year s 
life ,  th e  mos t  economi c  improvemen t  wa s  b y modificatio n rathe r  tha n replacement . 
Alternative s  included :  retainin g single-glaze d window s  o n th e  South-Wes t  sid e 
wit h draught-strippin g an d improve d night-tim e  insulation ; 
double-glazin g existin g windows ;  o r  secondar y glazing .  Cos t  compariso n showe d 
tha t  th e  bes t  bu y wa s  secondar y glazin g t o  al l  existin g window s  no t  buffere d 
by th e  conservatorie s  o r  acces s  galler y enclosure .  Garde n an d balcon y acces s 
was  t o  b e  b y hig h performanc e  frenc h windows . 

Heating/hot-wate r  installations .  Variou s  heatin g strategie s  wer e  coste d an d 
compare d (capita l  an d runnin g costs )  fo r  th e  1  an d 3-bedroo m flats . 
I n  th e  3-bedroo m flat s  i t  wa s  no t  appropriat e  t o  omi t  bedroo m heater s  a s  i t 
migh t  i n  maisonette s  wher e  convectio n ca n adequatel y hea t  th e  uppe r  floors , 
bu t  i t  wa s  possibl e  t o  omi t  heater s  t o  kitchen s  an d circulatio n spaces .  Thi s 
numbe r  o f  emitter s  mad e  a  conventiona l  syste m th e  mos t  effectiv e  ga s  fire d 
option ,  althoug h a n al l  electri c  alternativ e  woul d hav e  mad e  considerabl e 
capita l  saving s  wit h littl e  chang e  t o  th e  runnin g costs :  th e  al l  electri c 
solutio n wa s  howeve r  unacceptabl e  t o  Islington .  Additio n o f  a  'Boilermate ' 
hea t  stor e  t o  th e  conventiona l  syste m reduce d th e  cos t  an d i s  claime d t o  mak e 
th e  syste m mor e  efficient ,  b y reducin g boile r  cyclin g an d runnin g th e  boile r 
continuousl y a t  maximu m efficiency . 

I n  th e  1-bedroo m flats ,  th e  mos t  economi c  solutio n wa s  provide d b y ga s  convecto r 
heater s  t o  th e  living-roo m an d bedroom ,  a n electri c  heate d towe l  rai l  t o  th e 
bathroo m an d off-pea k electri c  water-heating . 

Ventilation .  Muc h o f  th e  improvemen t  packag e  i s  designe d t o  reduc e  infiltratio n 
losses ,  a s  thes e  accoun t  fo r  aroun d 30 % o f  th e  losse s  fro m th e  existin g 
building ,  bu t  i t  i s  importan t  tha t  enoug h controlled ,  draught-fre e  fres h ai r  i s 
availabl e  t o  ensur e  a  health y atmospher e  -  t o  expe l  o r  dilut e  odour s  an d 
pollutants ,  an d t o  preven t  condensation .  I n  Bloc k F  fres h ai r  i s  introduce d 
throug h trickl e  vent s  int o livin g an d bed-rooms ,  wit h som e  ventilatio n pre-hea t 
fro m th e  conservatories .  Th e  Nort h sid e  o f  th e  bloc k i s  tightl y  seale d b y 
secondar y glazin g and/o r  enclosur e  o f  th e  acces s  galler y an d negativ e  pressur e 
i s  induce d b y fan s  i n  th e  kitchen ,  bathroo m an d w.c. s  whic h minimis e  th e  ris k 
of  condensatio n (b y extractin g mois t  ai r  a t  source )  an d dra w fres h ai r  int o an d 
throug h th e  dwelling . 
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Cos t 

Tende r  cost s  fo r  th e  energ y measure s  i n  Stag e  I  wer e 

Cos t  o f  energ y 
measure s  (£ ) 

Cos t  o f  amenit y 
measure s  (£ ) 

1.  Interna l  dry-linin g (642m ?) 
2 .  Externa l  insulatio n (150m ?) 
3.  Floo r  insulatio n (258m 7) 
4 .  Roo f  insulatio n -extr a 

1474 0 
932 0 
388 0 

thicknes s  (357m ?) 
5.  Cavit y  insulatio n -  2-store y 

34 0 

extensio n onl y (99ra 7) 
6.  Secondar y glazin g 
7.  Walkwa y enclosur e 
8.  Conservatorie s 
9.  Reduce d heatin g 

46 0 
688 0 

1400 0 
800 0 

1440 0 
1221 0 

installatio n 
10.Controlle d ventilatio n 

-1631 0 
239 0 

Tota l  cos t  o f  energ y measure s £4370 0 (£243 0 av e pe r  flat ) 

Estimate s  hav e  bee n mad e  o f  energ y an d amenit y cost s  (whe n benefit s  apply) . 
Fo r  th e  acces s  galler y enclosure ,  th e  cos t  o f  th e  energ y par t  wa s  equate d t o 
th e  insulatio n packag e  wit h th e  sam e  performance :  th e  amenit y valu e  wa s  th e 
extra-ove r  cos t  abov e  bringin g th e  acces s  u p t o  moder n standards .  Th e  amenit y 
valu e  o f  th e  conservatorie s  wa s  estimate d o n th e  basi s  o f  additiona l  floo r 
area ,  leavin g a n energ y cos t  o f  £1330 ,  whic h i s  i n  lin e  wit h th e  acceptabl e 
capita l  expenditur e  fo r  th e  predicte d energ y savings . 

Thes e  tota l  energ y cost s  represen t  les s  tha n 7 % o f  th e  contrac t  su m (£626,53 7 
or  £34,80 0 pe r  flat) .  Th e  predicte d saving s  o f  £110-220/fla t  pe r  yea r  (4900 -
1000 0 kW h a t  £0.022/kWh )  sugges t  a  simpl e  paybac k perio d o f  11-2 2 years ,  whic h 
i s  worthwhil e  withi n th e  3 0 yea r  expecte d lif e  o f  th e  work .  I t  shoul d b e 
remembered ,  however ,  tha t  muc h o f  th e  energ y wor k i s  require d simpl y t o  brin g 
th e  flat s  u p t o  moder n standard s  fo r  thei r  renewe d life :  i f  thi s  i s  no t  carrie d 
out ,  substandar d dwelling s  woul d b e  created .  I t  i s  no t  commo n practic e  t o 
examin e  th e  pay-bac k perio d o f  ne w plumbing ,  wirin g o r  roofin g an d th e  fac t 
tha t  th e  energ y measure s  provid e  a  pay-bac k wel l  withi n thei r  lifetim e  shoul d 
be  considere d a  bonus . 

Monitorin g i s  bein g carrie d ou t  o n Stag e  I  fo r  BRECS U b y Wimpe y Environmenta l 
Ltd ,  an d th e  result s  shoul d b e  publishe d i n  lat e  1991 . 

LATER STAGE S 

I n Ma y 198 9 Islingto n Counci l  decide d tha t  a s  the y coul d no t  guarante e  fundin g 
t o  th e  late r  phases ,  al l  energ y measure s  woul d b e  dropped .  Thi s  wa s 
particularl y  regrettabl e  i n  th e  ligh t  o f  Hade n Court' s  statu s  a s  a  pilo t  projec t 
an d suggest s  tha t  Islingto n wil l  continu e  t o  rehabilitat e  propertie s  t o  a n 
inadequat e  therma l  standard ,  wher e  tenant s  ca n stil l  no t  affor d t o  hea t  thei r 
home s  an d condensatio n wil l  stil l  prevail . 
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ABSTRACT 

The characterization of passive solar components is due to a number of effects a diffi-
cult task. For this reason the CEC-PASSYS project was started. Testcells have been 
built, testing and evaluation procedures are under development. 
For the Dutch situation the perspectives by translucent insulated walls have been investi -
gated. The possible energy savings of current wall designs are estimated on 700 to 1200 
MJ per m 2 facade. During the summertime the overheating may be a serious problem. 
Natural ventilation of the airgap is one of the possibilities to reduce the overheating. 
The conclusions are that the results are sufficiently promising to initiate further and 
more detailed research and development. 

KEYWORDS 

PASSYS testcell, parameter identification, translucent insulation materials, passive solar 
components. 

INTRODUCnON 

A passive solar component (PSC) is mainly characterized by the thermal transmission 
coefficient (heat loss) and the solar energy transmittance (heat gain). 
Other important characteristics of a PSC are the heat storage capacity and the airtight-
ness. 
In general, it is a complicated task to determine the characteristics of passive solar 
components. To measure directly the heat transfer and the transmittance for solar radi -
ation in an accurate way is due to the mechanisms involved (free convection, thermal 
radiation) often not possible. Moreover, the performance of a PSC depends on a number 
of other factors such as the orientation, competing heat sources, the thermal mass of the 
building, the size, etcetera. The main task in an experiment is to distinguish these 
factors and to reveal both the performance of the PSC itself and its interaction with the 
building and the occupants. 

Statistical techniques are of great importance in order to get a maximum of information 
from a relatively short test sequence. Otherwise the test duration would be excessively 
long, in particular due to the large time constants of the thermal system. 
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RESEARCH OBJECTIVES 

In the research carried out at TNO with respect to passive solar energy systems the 
following goals can be recognized. 

quantitative determination of the system characteristics for product information; 
rail scale testing of new system concepts before applying them into practice, to 
decrease the risk of costly flaws; 
system optimization; 
system modelling; 
development of simplified design tools for energy savings calculations. 

THE PASSYS PROJECT 

In 1986 the Commission of the European Communities started the international research 
project on passive solar energy PASSYS. TNO is the Dutch participant in this project. 
At the moment phase 2 is started. This phase will last until the end of 1991. The aims 
of the PASSYS project are the following: 

to set up uniform facilities for the testing of passive solar components; 
to develop simplified design tools on the influence of PSC on energy consumption 
and thermal comfort; 
to develop and validate a selected building energy analysis model (ESP). 

The dutch participation in PASSYS is financially supported by NOVEM, the Dutch 
agency for Energy and the Environment and by TNO. 

At a number of locations, spread over the CEC countries a PASSYS testfacility has 
been set up. This facility consists of four identical outdoor testcells. The open fronts of 
these full scale cells are faced southward; here the passive solar component can be 
mounted for testing. In fig. 1 the testcell is schematicly presented. 

t e s t ce l l measure d 
measuremen t outpu t 

c o l d b o x ' PS C testcel l 

c o o l i n g h e a t i n g 

Fig.l . The standard PASSYS testcell, 
including the TNO addition: 
the movable coldbox. 

measure d 
input 

t e s t c e l l 

m o d e l 

t r y _ L 

compar e 

calculate d 
outpu t 

L i t e r a t i o n 

p a r a m e t e r adap t 
va lue s param . value s 

o.k . 

Fig.2. The principle of parameter 
identification to derive the 
properties of the PSC from 
testcell measure ments. 
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The testcell is highly insulated and can be provided with high or low internal lining, to 
simulate practical situations. Within the testcell a realistic indoorclimate is created, thus 
simulating as good as possible a real room. During 1988-1989 the facilities in the dif-
ferent countries became operational. The last 2 years of the project will be mainly used 
to finalize the building up of the facilities, for testing and comparison of testresults 
from the different countries, but especially for the final choice of a suitable measuring 
and evaluation procedure and the elaboration of standardized procedures. 

A special development at TNO is the movable coldbox. This apparatus (see fig. 1) may 
be placed in front of a facade which is tested in one of the testcells, and provides an 
artificial outdoor climate, for example a constant windspeed and a low temperature. By 
measuring the heatflow through the facade the overall heat transfer coefficient can be 
calculated. This additional provision transforms the testcell into a full scale "hot-box". 

DEVELOPMENT OF TESTMETHOD 

One of the major goals within the PASSYS project is the development of a good 
teststrategy in combination with an evaluation technique which enables to get sufficient 
information from a relatively short test under real, dynamic outdoor conditions. The so-
called parameter identification techniques are developed and investigated as a promising 
evaluation technique. A Parameter identification technique uses mathematical fitting 
procedures in order to get good agreement between the output of a transient model for 
the PSC and the measurements carried out on the PSC. In figure 2. the principle of the 
parameter identification process is given. 
The testroom temperature is usually appointed as output variable; input variables are 
outdoor temperature, solar radiation, heating power etc. The set of parameter values 
which gives the best agreement between the measured and calculated output variable 
yields the characteristics. Evidently, one of the basic requirements is that the main PSC 
and testcell characteristics can be derived from the identified parameter values. 
Within the PASSYS project different methods are being compared, in particular with 
respect to the choice of the type of mathematical model for testcell and PSC. 
TNO has developed the parameter identification method MRQT, which can be linked 
easily to almost any type of model. 

TEST CONTROL STRATEGY 

As a consequence of the application of a technique in which different characteristics are 
derived from the same testsequence special attention should be paid to the correlation 
between the input variables: if different input variables, like outdoor temperature and 
solar radiation are correlated, it is not possible to get a clear separation between the 
parameters which are supposed to describe the thermal conduct of the system with 
respect to these respective solicitations (like heat loss and solar gain). 
During the period 1988/1989 first test series were carried out; the results were used to 
reveal childhood diseases in the testfacility and to develop and compare different 
testmethods. 
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TRANSLUCENTLY INSULATED WALL PERFORMANCE 

Theoretical Analysis 

A wall provided with exterior translucent insulation (¹-wall ; example fig.5 ) combines a 
high thermal resistance with good optical properties to enable the utilisation of the solar 
radiation on the facade. 
Solar radiation is absorbed by the (black painted ) wall. The major part of the heat flux 
is towards the room, since the insulation reduces the heat flux to the ambient. 
The heat capacity of the wall levels the fluctuations of the solar radiation and delays 
the heat delivery to the room to a time where the heat demand is larger than during the 
daylight hours (for instance to the evening). The summer situation is also important. 
Measures should be taken to avoid overheating. 
A number of TI-materials is investigated and in particular materials with a honeycomb 
structure and the silica aerogels are promising. 
In table 1 characteristics of some ¹-material s are presented. 

Table 1 Properties of TI-materials 

Materia l d R 
10° C 

ô 
di f 

g 
di f 

(m) (m 2.K/W ) (- ) (- ) 

PC honeycom b 0.1 0 1.1 0 0.7 5 0.8 2 

PMMA foa m 0.01 5 0.4 8 0.5 5 0.5 7 

aeroge l  granule s 
betwee n 2  PMMA plate s 

0.02 0 
+0.00 6 

1.1 7 0.3 7 0.4 2 

monolythi c  aeroge l 
betwee n 2  glaspane s  1  at m 

0. 1 at m 

0.01 4 
+0.00 6 

0.8 4 

1.9 2 

0.5 5 

0.5 5 

0. 6 

0. 6 

doubl e  glazin g low- E 
coatin g argo n fille d 0.7 7 0. 5 0. 6 

Idea l 1. 0 1. 0 

R: thermal resistance; 
ô: direct solar radiation transmittance; 
g: total solar energy transmission coefficient. 

The influence of the design and orientation of the TI-wall on the instantaneous and 
mean net heat gain and temperature distribution in the material has been calculated with 
a dynamic model of the ¹ -wal l . Figure 3 . shows of calculated monthly net heat gain 
for a chosen "reference ¹ -wal l" , orientation South (see fig.5.). 



41 

ne t hea t gai n 
(monthl y mean ) 

cav i t y venti lat io n 
fe w day s  in  Augus t 

T I K /E O A Y N U M B E R) 
- c l o e. m e a n — A~ o p en · • 

Fig.3 . The monthly net heat gain; 
"reference" TI-wall, South 

Fig.4. Net heat gain during the 
summer situation with closed 
and open cavity for ventila-
tion. 

In fig. 3 one can see high heat gains during the summer period. Possible solutions to 
prevent this are shading devices, overhangs, blinds etc. Unfortunately a number of these 
solutions have to be mechanicly controlled. 
A cheap solution is the opening of ventilation slots during the summer season. 
Calculations have shown that natural convection in the airgap between the wall and the 
¹  material can reduce the unwanted heat penetration in the house with two-third. This 
option may be promising since it is much cheaper than controlled blinds or shading de-
vices. In figure 4 results for a ventilated and closed reference TI-wall are given, orienta-
tion South. Detailed dynamical building simulations must give information whether this 
option is acceptable in practice with respect to the remaining heat gain. 
Calculations indicate that for the Netherlands the possible energy savings by current TI-
wall design will be about 700 - 1200. MJ per m 2 ¹ -wal l , orientation South, dependent 
on the heat demand of the house and compared to opaque insulation. 
In practice, the heat gain depends of course on the properties of the ¹ -wal l , the dy-
namics of the house and the occupants behaviour. 
The preliminary conclusions are that Tl-walls are quite promising; for large scale appli -
cations, however, a cost reduction is necessary. Present high costs are mainly due to the 
complexity of the overall design which is related to the vulnerability of the material. 

Testcell Experiment 

During the period August to October 1989 measurements were carried out in the TNO 
PASSYS testfacility on an experimental facade. This facade (see fig. 5) had the follow-
ing elements: 
* limestone wall of 21 cm; 
* airgap of 6 cm; 
* clear glass thickness 8 mm; 
* PC honeycomb, thickness 10 cm; 
* clear glass thickness 8 mm; 
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The frame material is wood. 
The measured performance of the ¹ -wal l was lower than expected, mainly due to 
shortcomings in the construction. 
The overall outcome of the experiment, however, is positive: despite an average tem-
perature difference between testcell and ambient of 15 K, the net heat gain was posi -
tive. Figure 6 gives the measured heatflux through the facade. A well insulated facade 
without translucent insulation would have given under the same circumstances an aver-
age heat loss of 6 W/m2. 
Figure 6 also shows the model output after identification of the ¹ -wa l l parameters. 

ga p 

Fig. 5. Construction of the experi- Fig. 6. Measured and identified ¹ -
mental ¹ -wal l . wall net heat gain during 

PASSYS test. 

CONCLUSIONS 

The CEC PASSYS testcells in combination with advanced test evaluation techniques are 
a powerful tool for the characterization of passive solar components and their interac-
tion with the indoor environment. Moreover, the full scale tests under real outdoor 
conditions are very useful to detect shortcomings in the design, before application in 
occupated buildings. 
The first theoretical and experimental results on the application of translucent insulation 
for passive solar walls are promising. The research on the ¹ -wal l concept will be con-
tinued; with the emphasis both on the long and short term goals. To mention are ma-
terial development, material modelling and testing, guidelines for TI-wall application; 
testcell experiments and demonstration projects. 
In autumn 1990, already, a new PASSYS testcell experiment wiil start on a "commer-
cial" ¹ -wal l , from a type which is used in recent demonstration projects in Germany. 
Identical walls will also be tested in some of the other PASSYS facilities. 

ACKNOWLEDGEMENT 

Much of the activities reported here have been carried out with the financial support of 
NOVEM (the Netherlands Management Office for Energy and Environment); also the 
CEC-DGXH supports financially the PASSYS research project. 



NOETMSHJ N ' M , 
UNHVEIRSET Y OF U.K. 

TH E JUSTIFICATIO N OF ENERG Y EFFICIEN T MULTI-STORE Y 
COMMERCIA L BUILDIN G DESIG N I N MOR E TEMPERAT E 
CLIMATES . 

Graeme Robertson 

Department of Architecture 
University of Auckland 
Auckland 
NEW ZEALAND 

Keywords : Energy, Commercial Buildings, Economic Efficiency, Worker Efficiency, 
Temperate Climate 

Abstract; 

Emissions resulting from human activities are substantially increasing the atmospheric 
concentrations of the greenhouse gases. These increases will enhance the Greenhouse Effect, 
resulting on average in an additional warming of the earth's surface. Present high altitude cold 
climate energy design solutions are likely to require constant revision. This paper addresses the 
possible solutions in terms of commercial building design, when cooling loads may become more 
dominant than heating loads. 

This paper briefly explores possible energy efficient techniques appropriate for commercial 
buildings in a temperate climate country such as New Zealand. The likely cost effectiveness is 
discussed both in terms of energy efficiency and worker efficiency. 

This paper suggests that a better method of justifying these possible design solutions lies in the 
increased output of the workers and not in the possible energy savings. 

True environmentally connected high comfort office buildings are possible both economically and 
architecturally. 

Backgroun d 

The earth is warming up. Recent statements (1) suggest that without major change to our rate of 
emission of greenhouse gases, there will be a rate of increase of global mean temperatures during the 
next century of about 0.3°C per decade (with an uncertainty range of 0.2°C to 05°C  per decade). This 
will result in a likely increase in Global mean temperature of about 1°C above the present value by 
2025 and 3°C before the end of the next century. These figures can be reduced only by a substantial 
change to our approach to living on this planet. Many of the 'problems' of more temperate climates 
may become those of the higher latitudes. 
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In the years since the first energy crisis of 1973 a range of design solutions for energy efficient 
commercial buildings have been developed - normally based on scenarios involving high energy costs 
and /or severe climatic conditions. 

In New Zealand, a temperate climate country in the South Pacific, the lessons to be learnt from the 
first energy crisis were slow to be assimilated. Energy efficient commercial buildings have been slow 
to evolve, with relatively cheap energy prices plus a climate that lacks extremes have had an 
impact on this situation. The need for major design changes for commercial buildings has not arisen. 
Increasing temperatures in the higher latitudes may well produce somewhat similar results. In 
New Zealand we find the variations in climate between the north and south (Auckland latitude 
37°S, D.D. 1150 and Christchurch, latitude 43°S, D.D. 2420 18.0°C base) produce quite significant 
variations in energy usages for office buildings (2): 

Auckland 850 MJ/m^/annum 

Christchurch 370 MJ/rrrVannu m 

This suggests that warmer temperatures produce higher energy usage for office buildings where the 
cooling load dominates and yet less in buildings where the heating was dominant e.g. hotels (3): 

Auckland 550 MJ/rrrVannu m 
Christchurch 930 MJ/m^/annum 

Global warming will see these temperate climate characteristics repeated in climates that are 
significantly colder at present and employ a range of energy saving techniques (double glazing, atria 
etc) which will no longer be applicable. 

The need to design buildings to conserve energy is certainly not seen as a necessary factor in New 
Zealand at present. 

To continue to argue to design professionals and the developers of commercial buildings that an 
'Energy Efficient' option is desirable is less than justifiable. The economic basis is just not 
sustainable at the present time as possible savings from energy efficiency contribute such a minor 
part to the total running costs of a typical tenant company and is a relatively small factor in the 
costs of the building owner. 

This need for a better argument for justification developed into a study of 22 Auckland office 
buildings during 1988 and 1989. The preliminary results suggest that savings in labour costs 
attributable to a more efficient environment (environmentally connected natural environment) are of 
critical importance and do in fact suggest a building form quite different from the norm. 

Tenant Comparative Costs 
In terms of the dollar outlay over the 40 year life cycle of an office building it is generally 
recognised (4,5) that 2-3% is spent on the initial costs of the building and equipment, 6-8% on 
maintenance and replacement and 90-92% is generally spent on personnel salaries and direct 
benefits. These figures are quoted universally, they have been tested in the current Auckland study 
(6) with some results at variance to a slight degree (Table 1). 

a) The 40 year life cycle used in the quoted studies is irrelevant in the current scene with a 10-15 
year economic life being often used - with the result being an even greater emphasis on the 
reduction of capital costs and annual costs (energy costs) being even less critical. 

G R / A M M / N O R T H S UN 



45 

b) The figure for personnel salaries seems to fit better in the 80-87% range than the higher 
percentages quoted in American studies particularly. 

c) Because of the vast range of leasing agreements the maintenance and replacement component 
along with running costs (including energy costs) is difficult to define precisely but fits within 
the 5-8% range. 

d) Energy costs typically make up between 0.3% and 2.2% of annual costs of running an Auckland 
CBD office. 

Component 

Personnel Costs (Salaries and direct benefits) 

Leasing costs (or Capital replacement in case 

Air conditioning/heating maintenance 

Lifts 
Cleaning 
Building maintenance 

Energy 

Other 

Table 1 Auckland CBD Office Annual Costs fl 

% Notes 
80-87 Depending on the nature of the 

business,size and status/efficiency. 
1.5-8 The variability of procedures is 

immense of owner occupied space) 
which with factors such as quality, 
position, age, size etc produces an 
imprecise pattern. 

0.5.5 This figure varies widely because of 
the non-existence, nature and age of 
plant. 

3-4 
2-5 

0.5-2.5 The variability of leasing agreements 
is a factor with the inclusion of 
external maintenance costs as a tenant 
responsibility being a growing trend. 

0.3-2.2 Generally this is an electricity cost 
although 2 cases involved an LPG 
input. 

1.5-8.5 This figure includes aspects of fire, 
office equipment, communication, 
rates and insurances. It was difficult 
to compare like with like. 

Owner Comparative Costa 
To obtain a full picture of a commercial building's energy use one must also investigate the position 
of the building owner as often, depending upon the lease arrangements, there may be costs associated 
with common areas etc. 

A recent study in Auckland of 20 buildings (7) totalling 206,364 m 2, for the 1987-88 year, suggests 
that the total expenditure for energy usage in common areas, including electricity for air-
conditioning, lifts, escalators and common area lighting, amounts to on average just NZ$10.09/rrt^. 
The total income for the building averaged NZ$199.05 i.e., 5.07%. 

Therefore, from these figures, it is difficult to expect the owners of the commercial buildings to be 
particularly interested in energy saving, if, to achieve those savings, significant capital 
expenditure is involved. 
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Quite clearly the assumption that energy efficiency is in itself a desirable aim in the design and 
production of temperate climate commercial buildings is faulty. To go to extreme lengths by 
introducing changes to the typical building in terms of form, external design treatments, 
daylighting, natural ventilation etc for energy efficient/cost saving reasons cannot be justified even 
at no extra capital cost, particularly in a climate as moderate as that of Auckland, New Zealand. 

Productivity and Satisfaction 
Productivity is a broad concept which includes not only employees' work performance but also 
associated organisational costs such as employee turnover, absenteeism, tardiness, required 
overtime, vandalism, grievances and mental and physical health. Historically, much or the 
research (8) (9) on productivity has relied on using measures of employee satisfaction as indicators 
of productivity. 

Herzberg (10) concluded from a study of 1685 workers from a range of job types and levels in 
particular organisations that there was however a distinct difference between aspects of the work 
environment that were contributing to satisfaction and those relating to dissatisfaction. Herzberg 
concluded that the "opposite of job satisfaction is not job dissatisfaction but, rather, no job 
satisfaction and, similarly, the opposite of job dissatisfaction is not satisfaction, but no job 
dissatisfaction". Aspects of the work environment contributes similarly to job dissatisfaction. 
Archea (11) concluded that environmental characteristics that influence this level of work process 
include both architectural properties and architectural attributes. Architectural properties are 
aspects such as size of office, number of walls, heating, ventilation, air conditioning, lighting, 
ergonomics and relationships to support services. Architectural attributes are peoples' attitudes 
and perceptions related to those properties, for example, assessments of openness, noise, enclosure, 
lighting and temperature. Hedge (12) points out that from a survey of 896 office staff that even 
though the ambient environment was supposedly being maintained around an Optimum' level in 
physical terms, adverse reactions to this were still quite pronounced (Table 2). 

Ambient Conditions % Agreement 
Temperature - too hot 48 

- too cold 21 
Ventilation - desire to open window 77 

- too stuffy 61 
Lighting - prefer more daylight 76 

- lighting too bright 33 
Table 4 Employee reactions to the ambient environment in offices - Hedge (12). 

The preliminary results from the Auckland study (6) involving in excess of 560 office workers suggest 
a similarly very high level of dissatisfaction with the quality of the office environment with clear 
contradictions arising on aspects of temperature (too cold, too hot),ventilation (too stuffy, too 
draughty, don't know) and lighting (too bright, wrong angle, too glarey, too dark). The clear 
conclusion, because of the high level of dissatisfaction and contradiction, is that office staff desire 
to be able to control their own environments more than the present air conditioned offices allow. A 
call for greater connection with the external environment? A call for more environmentally 
connected or energy efficient building forms? 

If a more environmentally connected commercial building can produce a slight improvement in office 
worker efficiency (say 5%) then in terms of the total economic structure of the firm this 5% saving 
will have a greater impact than saving 100% of energy costs. Here is the justification for buildings 
that exhibit all the common features connected with not just comfort but also energy efficiency -
form, external design treatments, daylighting, natural ventilation etc. 
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Conclusions 
In more temperate conditions the future for the energy efficient commercial building is indeed good 
and quite justifiable in economic terms if the approach incorporates other aspects of efficiency i.e., 
that related to the inhabitants of the office space. Efficiency arising from the increase in worker 
output because of a more satisfied feeling concerning the work environment brought about by more 
control of that environment and less artificial inputs, will far outweigh any possible energy savings 
in the foreseeable future. Buildings will become more energy efficient as part of the process to 
achieve this end. These temperate climate lessons may well have an application in higher 
latitude climates as global warming takes hold. 
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E N E R GY A U T O N O MY F O R R U R AL S C H O O LS A N D 

H E A L TH C L I N I C S I N T H E V E N E Z U E L AN L L A N OS 

D A V ID H O L M ES 

D e p a r t m e n t  o f  E n g i n e e r i n g ,  U n i v e r s i t y  o f  R e a d i n g 
W h i t e k n i g h t s ,  P .O .  Âï ê  2 2 5 ,  R e a d i n g R G 6 2AY ,  U K 

A B S T R A CT 

When d e s i g n i n g powe r  s y s t e m s  fo r  ru ra l  v i l l a g e s ,  m o r e 
a t t e n t i o n s h o u l d b e  pa i d t o  t h e  w a y s  i n  w h i c h p o w e r  i s  u se d 
t h a n t o  t h e  w a y i t  i s  g e n e r a t e d .  B y r e d u c i n g powe r 
r e q u i r e m e n t s ,  p h o t o v o l t a i c  s y s t e m s ,  w h i c h h a v e  n u m e r o u s 
e x t e r n a l  b e n e f i t s ,  c a n b e  m a d e  m o r e  c o m p e t i t i v e  w i t h d i e s e l 
g e n e r a t o r s  t h e r e b y s a v i n g m o n e y an d e n c o u r a g i n g g r e a t e r  r u r a 
s e l f - s u f f i c i e n c y . 

K EY W O R DS 

So la r  p o w e r ,  b a s i c  ru ra l  s e r v i c e s ,  V e n e z u e l a 

I N T R O D U C T I ON 

I n i d e n t i f y i n g t h e  f a c t o r s  w h i c h c o n t r i b u t e  t o  t h e  o n g o i n g 
e x o d u s  o f  t h e  p o p u l a t i o n f ro m t h e  r u r a l  a r e a s  o f  t h e 
d e v e l o p i n g c o u n t r i e s ,  e n e r g y mus t  p l a y a  p r o m i n e n t  r o l e .  O n 
t h e  d e m a n d s i d e ,  h i g h e n e r g y c o n s u m p t i o n i n  u r b a n a r e a s  i s 
u n d o u b t e d l y a  m a j o r  a t t r a c t i o n .  O n t h e  s u p p l y s i d e ,  b e c a u s e 
o f  e c o n o m i e s  o f  s c a l e  an d lowe r  un i t  d i s t r i b u t i o n c o s t s , 
i n v e s t m e n t s  i n  u r b a n e n e r g y p r o j e c t s  a r e  fa r  m o r e  cos t 
e f f e c t i v e ,  o n a  pe r  c a p i t a  b a s i s ,  t h a n r u r a l  p r o j e c t s . 

C o n s e q u e n t l y ,  t h e  l i f e l i n e  f ro m t h e  c i t y  p r o v i d i n g f u e l , 
b a s i c  m a t e r i a l s ,  p a r t s  an d s k i l l e d l abo r  h a s  b e c o m e 
i n c r e a s i n g l y t e n u o u s .  I r o n i c a l l y ,  t h o s e  v i l l a g e s  w h i c h w e r e 
mos t  f o r t u n a t e ,  i n  t e r m s  o f  r e c e i v i n g a n i n i t i a l  e n d o w m e n t  ï 
m o d e r n a m e n i t i e s  h a v e  foun d t h e  b a c k w a r d t u r n o f  t h e  r a t c h e t 
t h e  mos t  p a i n f u l . 

Rura l  V e n e z u e l a  r e p r e s e n t s  a n i n t e r e s t i n g c a s e  i n  p o i n t . 
F o l l o w i n g t h e  oi l  b o o m o f  t h e  e a r l y  1 9 7 0 ' s ,  n e a r l y  e v e r y 
smal l  c o m m u n i t y o f  a  fe w h u n d r e d i n h a b i t a n t s ,  e v e n i n  t h e 
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m o r e  r e m o t e  p a r t s  o f  t h e  c o u n t r y ,  r e c e i v e d d i e s e l  g e n e r a t o r s 
an d w a t e r  p u m p s -  T h e  ru ra l  d i s p e r s e d p o p u l a t i o n a l s o 
b e n e f i t e d i n  t h e  for m o f  n e w s c h o o l s ,  d i s p e n s a r i e s ,  an d 
a  g o v e r n m e n t  s p o n s o r e d p r o g r a m o f  f r ee ,  t r u c k d e l i v e r y o f 
p o t a b l e  w a t e r . 

T o d a y ,  l a r g e  n u m b e r s  o f  t h e  d i e s e l  e n g i n e s  a r e  b r o k e n - d o w n 
o r  o p e r a t e  o n l y s p o r a d i c a l l y -  T h e  ru ra l  w a t e r  d e l i v e r y 
s y s t e m i s  i n  c o n s t a n t  c r i s i s  an d ru ra l  s c h o o l s  an d h e a l t h 
c l i n i c s  s u f f e r  c h r o n i c a l l y  f ro m lac k o f  m a i n t e n a n c e  an d 
e s s e n t i a l  f a c i l i t i e s .  P r o f e s s i o n a l  a b s e n t e e i s m i s  w i d e s p r e a d 
an d n o t o r i o u s . 

T HE P O L I T I C A L I M P A C T O F D I E S E L POWER 

O ne  o f  t h e  l i t t l e  r  e cogç i  æ  e d a s p e c t s  o f  t h e  içt r  o d u c t i  o n 
o f  d i e se l  powe r  t o  t h e  ru ra l  a r e a s  w£* s  t o  u n d e r m i n e  t h e 
mon o p ï1 y o f  ñ  ïwe r  o f  t h e  t r a d i t i o n a l  ru ra l  s t r o n g  m e n ,  w h ï 
h a v e  d o m i n a t e d ru ra l  l i f e  i n  V e n e z u e l a  t h r o u g h o u t  muc h o f  i t 
h i s t o r y .  A s  t h e  n e w l y c r e a t e d oi l  w e a l t h  b e g a n t o  t r i c k l e 
dow n t o t h e  ru ra l  a r e a s  i t  f a c i l i t a t e d t h e  f o r m a t i o n o f  a 
p e r v a s i v e  ñ  a  t r  ï  ç  a  g  e  s y s t e m ,  w  h  i  c  h  w a s  u  s  e  d  t ï  ï  ç  s  ï  1  :i .  d a t e  t h 
powe r  o f  t h e  d o m i n a t e  p o l i t i c a l  p a r t i e s .  I t  h e l p e d c r e a t e  a 
w h o l e  g e n e r a t i o n o f  n e w l e a d e r s  w h o s e  loca l  s u p p o r t  r e s t e d 
f u n d a m e n t a l l y  o n t h e  a b i l i t y  t o  a t t r a c t  p a t r o n a g e  f u n d s .  An d 
t h e  m a  ÷ i  mu m s y mbï 1 ï f  t  h  e  ñ  ïwe r  ï  f  t  h  e  s e  ç e w lea d e r  s  w a s  t  ï 
o b t a i n a  ñ  a  i  r  o f  d  i  e  s  e  1  m  ï  t  ï  r s  t  ï  g  e  ç  e  r  a  t  e  e l  e  < :  t  r  i  c :  i  t  y  a  ç  d 
pum p w a t e r  fo r  t h e  v i l l a g e  o r  t o w n .  H o w e v e r ,  b e c a u s e  o f 
r e d u c e d oi l  e a r n i n g s  an d t h e  deb t  c r i s i s ,  t h e  g o v e r n m e n t  h a s 
b e e n u n w i l l i n g o r  u n a b l e  t o  m a i n t a i n t h e  rura l  n e t w o r k o f 
d i e se l  m o t o r s ,  muc h l e s s  t o  e x p a n d i t .  I n  al l  l i k e l i h o o d th i 
i s  a  p e r m a n e n t  f e a t u r e  o f  t h e  n e w e c o n o m i c  an d soc ia l  o r d e r . 

T h i s  f i n a n c i a l  c r i s i s  a t  t h e  c e n t e r  h a s  a c c o r d i n g l y 
p r o v o k e d a  c o r r e s p o n d i n g c r i s i s  i n  ru ra l  l e a d e r s h i p .  I t  i s  ç 
e x a g g e r a t i o n t o  s a y tha t  t h e  ma jo r  p r e o c c u p a t i o n o f  mos t 
ru ra l  c o u n c i l s  t o d a y i s  t o  kee p t h e  d i e s e l s  o p e r a t i n g .  An d 
the i r  i n c r e a s i n g f a i l u r e  t o  d e l i v e r  i s  a  ma jo r  fac to r  i n  t h e 
c u r r e n t  d r i v e  t o  o v e r t h r o w o r  c h a n g e  t h e  ol d o r d e r .  T h i s 
cou l d b e  a  v e r y h e a l t h y s i g n fo r  d e v e l o p i n g a  m o r e 
r e p r e s e n t a t i v e  d e m o c r a c y i n  ru ra l  a r e a s ,  bu t  t h e  g a i n s  a r e 
l i k e l y t o  b e  s h o r t - l i v e d u n l e s s  a l t e r n a t i v e s  a r e  foun d fo r 
m a i n t a i n i n g b a s i c  p u b l i c  s e r v i c e s .  E i t h e r  loca l  g o v e r n m e n t s 
mus t  r e c e i v e  g r e a t e r  s u b s i d i e s ,  b o t h i n  t e r m s  o f  m o n e y an d 
s k i l l e d p e o p l e ,  o r  t h e y mus t  s o m e h o w g e n e r a t e  m o r e  r e s o u r c e s 
l o c a l l y .  Bu t  i t  i s  v e r y d o u b t f u l  tha t  c o n s u m e r s ,  w h o 
c u r r e n t l y  p a y o n l y a  smal l  f r a c t i o n o f  t h e  ac tua l  o p e r a t i n g 
c o s t s  ,  w o u l d b e  no w w i l l i n g t o  p a y t h e  w h o l e  c o s t ,  6reater -
s u b s i d i e s  a r e  u n l i k e l y an d w o u l d o n l y t en d t o  p e r p e t u a t e  t h e 
c u r r e n t  d e b i l i t a t i n g s t a t e  o f  d e p e n d e n c y o n t h e  c e n t r a l 
a u t h o r  i  ty . 
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A L T E R N A T I VE E N E R G Y F O R R U R AL S C H O O LS A N D C L I N I C S 

To m i t i g a t e  t h e  il l  e f f e c t s  o f  t h i s  p r o g r e s s i v e  d e c l i n e  i n 
l i v i n g s t a n d a r d s ,  t h e  l o g i c a l  s t r a t e g y i s  t o  e n c o u r a g e  a  m o r e 
e f f i c i e n t  u s e  o f  a v a i l a b l e  p o w e r  a s  wel l  a s  t o  p r o m o t e  t h e 
a p p l i c a t i o n o f  t e c h n o l o g i e s  w h i c h e n c o u r a g e  g r e a t e r  loca l 
a u t o n o m y . 

An e x a m p l e ,  d r a w n .fro m t h e  e x p e r i e n c e  o f  a  V e n e z u e l a n oi l 
c o m p a n y i n  t r y i n g t o  i m p r o v e  r u r a l  s e r v i c e s  i n  i t s  z o n e  o f 
i n f l u e n c e  i s  i l l u s t r a t i v e .  I n  1979 ,  t h e  M a r a v e n Oi l  C o m p a n y , 
( forme r  S h e l l  d e  V e n e z u e l a ) ,  o n e  o f  t h e  a f f i l i a t e s  o f 
P e t r o l e o s  d e  V e n e z u e l a  ,  w a s  a s s i g n e d a n a r e a  o f 
a p p r o x i m a t e l y 1 5 , 0 0 0 s q u a r e  k i l o m e t e r s  i n  t h e  O r i n o c o Ta r 
Bel t  fo r  e x p l o r a t i o n an d d e v e l o p m e n t .  A s  par t  o f  t h e  n e w 
g o v e r n m e n t  p o l i c y ,  d a t i n g f ro m n a t i o n a l i z a t i o n o f  oi l  i n 
1975 ,  t h e  c o m p a n y a s s u m e d a n o b l i g a t i o n t o  i m p r o v e  t h e 
q u a l i t y  o f  l i f e  o f  t h e  p o p u l a t i o n i n  i t s  a r e a  o f  i n f l u e n c e . 

Mos t  o f  t h e  ru ra l  d i s p e r s e d p o p u l a t i o n ha d a c c e s s  t o  a  s c h o o l 
o r  h e a l t h  c l i n i c .  Bu t  t h e s e  f a c i l i t i e s  l a c k e d b a s i c 
a m e n i t i e s  s u c h a s  l igh t  an d w a t e r ,  a l t h o u g h ,  i n  t h e o r y , 
wa te r  w a s  a v a i l a b l e  v i a  t h e  r u r a l  d e l i v e r y s y s t e m .  W a t e r  w a s 
u s u a l l y  s t o r e d o n s i t e  i n  o l d oi l  d r u m s  f i t t e d w i t h a  m a k e -
s h i f t  li d  an d w a t e r  q u a l i t y  w a s ,  a c c o r d i n g l y ,  a  s e r i o u s 
p r o b l e m .  A l s o ,  fo r  l ac k o f  w a t e r ,  i t  w a s  i m p o s s i b l e  t o  u s e 
t h e  f lus h t o i l e t s  tha t  ha d b e e n i n i t i a l l y  i n s t a l l e d .  I n  s o m e 
c a s e s ,  c o n v e n t i o n a l  l a t r i n e s ,  w i t h al l  o f  t he i r  i n c u m b e n t 
p r o b l e m s  o f  f l i e s  an d o d o r s ,  w e r e  s u b s t i t u t e d .  No t 
s u r p r i s i n g l y ,  i n t e s t i n a l  i n f e c t i o n s  w e r e  w i d e s p r e a d .  A  s t u d y 
o f  2 0 0 0 c a m p e s i n o an d i n d i a n c h i l d r e n ,  i n  t h e  a r e a ,  ( S a m p s o n , 
1 9 9 0 ) ,  r e v e a l e d tha t  8 5 % w e r e  i n f e c t e d . 

U n d e r  t h e s e  c o n d i t i o n s ,  i t  w a s  d i f f i c u l t  t o  p e r s u a d e  t e a c h e r s 
an d n u r s e s  t o  l i v e  i n  t h e  a r e a ,  a l t h o u g h t h e  l ac k o f 
a m e n i t i e s  w a s  b y n o m e a n s  t h e  w h o l e  p r o b l e m .  C o n s e q u e n t l y , 
p r o f e s s i o n a l  a b s e n t e e i s m w a s  r a m p a n t . 

D E S I G N O F T H E B A S I C S E R V I C E S P A C K A GE 

W h i l e  t h e  n a t u r a l  r e s o u r c e s  e n d o w m e n t  o f  t h e  a r e a  i s 
g e n e r a l l y  p o o r ,  so l a r  e n e r g y a b o u n d s .  A s  a  r o u g h m e a s u r e , 
a v e r a g e  i r r a d i a n c e  ove r  a  h o r i z o n t a l  s u r f a c e ,  m e a s u r e d ove r  a 
p e r i o d o f  1 5 y e a r s  w a s  equa l  t o  2 1 8 W / m 2 ( V e n e z u e l a n Ai r 
F o r c e  D a t a ,  1 9 5 5 - 1 9 7 0 ) .  F u r t h e r m o r e ,  w h i l e  g r o u n d w a t e r  i s 
s c a r c e ,  r a i n f a l l  i s  r e l a t i v e l y g e n e r o u s ,  a v e r a g i n g a b o u t 
1 2 0 0 - 1 5 0 0 m m pe r  a n n u m .  H o w e v e r ,  t h e  g r e a t  b u l k o f  t h e  r a i n 
f a l l s  d u r i n g a  s i x  m o n t h r a i n y s e a s o n ,  f o l l o w e d b y s i x  m o n t h s 
o f  a l m o s t  c o m p l e t e  d r o u g h t .  U n f o r t u n a t e l y fo r  t h e  s c h o o l s , 
t h e  s u m m e r  v a c a t i o n b r e a k c o i n c i d e s  w i t h t h e  r a i n y s e a s o n s o 
tha t  d u r i n g mos t  o f  t h e  s c h o o l  y e a r ,  f ro m O c t o b e r  t o  M a y , 
d r o u g h t  p r e v a i l s . 
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T h e  s t o r a g e  p r o b l e m w a s  s o l v e d u s i n g a  t w e n t y t h o u s a n d l i t e r , 
g a l v a n i z e d me ta l  t a n k w h i c h w a s  d e s i g n e d t o  s u p p l y d r i n k i n g 
an d w a s h i n g w a t e r  t o  a  s c h o o l  o f  4 0 c h i l d r e n d u r i n g t h e  w h o l e 
s choo l  y e a r .  P r o l o n g e d s t o r a g e  p o t e n t i a l l y  c r e a t e s  a  p r o b l e m 
o f  m a i n t a i n i n g p o t a b l i i t y .  T h i s  p r o b l e m w a s  s o l v e d b y 
i n v e n t i n g a  s i m p l e ,  f i r s t - f l u s h s y s t e m (se e  F i g .  2 )  w h i c h 
k e e p s  o r g a n i c  m a t t e r  an d s u n l i g h t  ou t  o f  t h e  t a n k ,  an d b y 
l i m i t i n g use r  a c c e s s .  I n  t h e  a b s e n c e  o f  l igh t  an d o r g a n i c 
m a t t e r  t h e  t a n k t e n d s  t o  b e  a u t o - p u r i f y i n g .  I f  a  p a t h o g e n 
e n t e r s ,  i t  s o o n d i e s  fo r  l ac k o f  n u t r i e n t s .  S e t t l i n g 
p r o v i d e s  a n a d d i t i o n a l  s a l u t a r y e f f e c t .  A s  a n a d d e d a s s u r a n c e 
o f  q u a l i t y ,  t e a c h e r s  an d n u r s e s  w e r e  t a u g h t  t o  c h l o r i n a t e  t h e 
d a i l y  wa te r  s u p p l y an d t o  m o n i t o r  t h e  leve l  o f  r e s i d u a l 
c h l o r i n e  w i t h a  s i m p l e  t e s t e r . 

P h o t o v o l t a i c  p a n e l s  w e r e  t h e n i n s t a l l e d t o  powe r  a  s m a l l , 
s u b m e r s i b l e  p u m p .  T o s a v e  e l e c t r i c a l  e n e r g y ,  a n o v e r h e a d tan k 
w a s  a l s o i n s t a l l e d w h i c h a v o i d e d s w i t c h i n g t h e  pum p o n an d 
o f f  f r e q u e n t l y  .  I n s t e a d ,  t h e  p u m p c o u l d b e  o p e r a t e d fo r  a 
p e r i o d o f  a r o u n d 1 5 m i n u t e s ,  a t  h o u r s  o f  pea k i n s o l a t i o n ,  t o 
p r o v i d e  a  t w o d a y s  s u p p l y ,  w h i c h t h e n w a s  a v a i l a b l e  t o  t h e 
use r  b y g r a v i t y  feed . 

To c o m p l e t e  t h e  p a c k a g e , ( s e e  F i g .  l > Ja  s i m p l e  r o o f 
v e n t i l a t i o n s y s t e m w a s  a d d e d t o  p r o m o t e  ai r  c i r c u l a t i o n i n 
t h e  c l a s s r o o m and ,  o u t s i d e ,  v e n t i l a t e d ,  pi t  l a t r i n e s  ( V I P ) , 
w e r e  c o n s t r u c t e d .  T h e s e  d e v i c e s  o f fe r  s a n i t a r y d i s p o s a l  o f 
e x c r e m e n t  w i t h o u t  t h e  nee d fo r  w a t e r  an d t h e y e l i m i n a t e  f l i e s 
an d o d o r s  a s s o c i a t e d w i t h t h e  c o n v e n t i o n a l  l a t r i n e s . 

E V A L U A T I ON 

S i n c e  1985 ,  ove r  2 5 u n i t s  h a v e  b e e n i n s t a l l e d t h r o u g h o u t 
t h e  a r e a  w i t h a  h i g h d e g r e e  o f  use r  s a t i s f a c t i o n .  M a i n t e n a n c e 
p r o b l e m s  h a v e  b e e n m i n o r ,  m o s t l y  i n v o l v i n g p e r i p h e r a l 
e l e c t r i c a l  e q u i p m e n t  s u c h a s  v o l t a g e  r e g u l a t o r s  an d s w i t c h e s . 
Fo r  t h i s  e f f o r t ,  M a r a v e n w a s  a w a r d e d t h e  N a t i o n a l  P r i z e  fo r 
T e c h n o l o g y D e v e l o p m e n t ,  1 9 8 7 ,  b y t h e  V e n e z u e l a n N a t i o n a l 
Sc i  en c  e  C o u n c i 1 C C O N I C I Ô > . 

C l e a r l y  t h e  so l a r  e n e r g y s y s t e m o f f e r s  m a n y a d v a n t a g e s 
ove r  a  d i e s e l  i n s t a l l a t i o n .  I t  i s  q u i e t ,  n o n - p o l l u t i n g , 
r e q u i r e s  n o o p e r a t o r ,  an d n e e d s  v e r y l i t t l e  m a i n t e n a n c e . 
I t  a l s o d o e s  no t  d e p e n d o n e x t e r n a l  s u p p l i e s  o f  f ue l . 
On t h e  i s s u e  o f  r e l a t i v e  c o s t s ,  t h e  s c a l e  o f  o p e r a t i o n i s 
o f t e n d e c i s i v e .  Y e t ,  powe r  r e q u i r e m e n t s ,  an d t h e r e f o r  t h e 
s e l e c t i o n o f  t e c h n o l o g y ,  a r e  v e r y m u c h d e p e n d e n t  o n t h e  wa y 
i n  w h i c h powe r  i s  u s e d .  I n  t h e  r u s h t o  i m p r o v e  e f f i c i e n c y , 
an d t h e r e b y lowe r  c o s t ,  m a n u f a c t u r e r s  o f  p h o t o v o l t a i c  p a n e l s 
an d p r o j e c t  d e s i g n e r s  o f t e n o v e r l o o k t h e  r a t h e r  m o r e 
s u b s t a n t i a l  s a v i n g s  a v a i l a b l e  f ro m o p t i m i z i n g o t h e r 
c o m p o n e n t s  o f  t h e  o v e r a l l  s y s t e m .  I n t h e  p r e s e n t  e x a m p l e ,  t h e 
s e l e c t i o n o f  a  r a i n w a t e r  s y s t e m ,  r a t h e r  t ha n a  b o r e  h o l e  t o 
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p r o v i d e  w a t e r  r e d u c e d a n n u a l  e n e r g y r e q u i r e m e n t s  f ro m a r o u n d 
7 8 kW H t o 4 5 kWh ,  a  s a v i n g s  o f  42"/ .  ( H o l m e s ,  1 9 8 8 ) .  T h i s 
r e d u c t i o n i n  t h e  powe r  r e q u i r e m e n t  no t  o n l y s a v e d m o n e y bu t 
i t  g r e a t l y  f a v o r e d t h e  p h o t o v o l t a i c  s y s t e m s i n c e ,  a s  i s  wel l 
k n o w n ,  t h e  d i e s e l  t y p i c a l l y  e x h i b i t s  h i g h un i t  c o s t s  a t  sma l l 
p o w e r  o u t p u t s .  I n  fac t ,  a  c o m p a r i s o n o f  l i f e t i m e ,  un i t  c o s t s 
fo r  t h i s  p a r t i c u l a r  s y s t e m ( H o l m e s ,  1 9 8 8 )  s h o w e d s o l a r  t o  b e 
m o r e  t h a n 8 0 % c h e a p e r  t h a n d i e s e l .  A  m o r e  t e l l i n g c o m p a r i s o n 
i s  foun d i n  c o n f r o n t i n g t h e  un i t  c o s t s  o f  t w o c o m p l e t e , 
s e r v i c e  p a c k a g e s ,  o n e  u s i n g r a i n w a t e r ,  s o l a r  p a n e l s ,  V I P 
l a t r i n e s ,  an d c o n v e c t i v e  c o o l i n g ,  an d t h e  o t h e r ,  c o n v e n t i o n a l 
p a c k a g e ,  u s i n g a  b o r e  h o l e ,  d i e s e l  g e n e r a t o r ,  f lus h t o i l e t s , 
an d e l e c t r i c  f a n s  .  I n  t h i s  c a s e ,  t h e  un i t  c o s t s  o f  p o w e r 
g e n e r a t i o n fo r  t h e  c o n v e n t i o n a l  s y s t e m w e r e  m o r e  t h a n 6 0 
t i m e s  h i g h e r  t h a n t h o s e  fo r  t h e  a l t e r n a t i v e  s y s t e m .  I t  c o u l d 
b e  a r g u e d tha t  t h i s  i s  a  c o m p a r i s o n o f  " a p p l e s  an d o r a n g e s ' , 
ye t  t h e s e  a r e  t w o ,  c o m p e t i n g t e c h n o l o g y p a c k a g e s  w h i c h 
p e r f o r m e s s e n t i a l l y  t h e  s a m e  f u n c t i o n . 

T h e  e c o n o m i c  c o m p a r i s o n w i t h t h e  t a n k t r u c k d e l i v e r y s e r v i c e , 
i s  no t  q u i t e  a s  c l e a r - c u t .  A s s u m i n g a n a v e r a g e  l i f e t i m e  o f 
t h e  r a i n w a t e r  s y s t e m o f  2 5 y e a r s ,  t h e  un i t  cos t  o f  r a i n w a t e r 
i s  s l i g h t l y  l e s s  t h a n tha t  o f  t a n k d e l i v e r y ,  u s i n g e x i s t i n g 
p r i v a t e  r a t e s  a s  t h e  m e a s u r e  o f  t h e  m a r k e t  cos t  o f  p r o v i d i n g 
t h e  s e r v i c e .  H o w e v e r ,  o n c e  t h e  r a i n w a t e r  s y s t e m i s  i n s t a l l e d 
uni t  c o s t s  d e p e n d o n l y o n t h e  l i f e t i m e  o f  t h e  s y s t e m u n l i k e 
t r u c k - d e l i v e r y c o s t s  w h i c h a r e  s u b j e c t  t o  r a p i d ,  an d 
u n p r e d i c t a b l e  r i s e s  t o  r e f l e c t  a d j u s t m e n t s  i n  fue l  c o s t s 
( c u r r e n t l y  h i g h l y s u b s i d i z e d )  an d i m p o r t e d m a c h i n e r y . 
F u r t h e r m o r e ,  t h e  r e l i a b i l i t y  o f  t h e  r a i n w a t e r  s y s t e m t e n d s  t o 
b e  m u c h g r e a t e r . 

C O N C L U S I O NS 

I n a n a l y z i n g r u r a l  powe r  p r o b l e m s ,  i t  i s  e x t r e m e l y i m p o r t a n t 
t o  s e e k w a y s  t o  i m p r o v e  t h e  e f f i c i e n c y o f  p o w e r  c o n s u m p t i o n 
a s  wel l  a s  t o  i n c r e a s e  powe r  s u p p l i e s .  E x p e r i e n c e  h a s  s h o w n 
tha t  a d e q u a t e  w a t e r ,  s a n i t a t i o n an d l i g h t i n g f a c i l i t i e s  fo r 
ru ra l  s c h o o l s  an d h e a l t h  c l i n i c s  c a n b e  p r o v i d e d m o r e  c h e a p l y 
u s i n g a l t e r n a t i v e  t e c h n o l o g y r a t h e r  t h a n c o n v e n t i o n a l 
a p p r o a c h e s  an d tha t  t h i s  c a n i n d i r e c t l y  fu r the r  t h e  goa l  o f 
g r e a t e r  r u r a l  s e l f - s u f f i c i e n c y .  T h i s  i s  a n e s p e c i a l l y 
a t t r a c t i v e  s o l u t i o n i n  t h e  c o n t e x t  o f  t h e  c u r r e n t  f i n a n c i a l 
an d p o l i t i c a l  c r i s i s  i n  V e n e z u e l a .  B u t ,  i n d e p e n d e n t l y  o f 
t h i s  c r i s i s ,  i t  r e p r e s e n t s  l e s s o n fo r  t h o s e  w h o w i s h t o 
p r e s e r v e  r u r a l  l i f e  a s  a  v i a b l e  a l t e r n a t i v e  fo r  t h e  f u t u r e . 
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Fig .  2 Detail s  o f  th e  first-flus h syste m fo r  keepin g 
debri s  "ro m th e  roo f  ou t  o f  th e  tank . 



THE SIGNIFICANC E O F THERMAL THRESHOLDS I N TH E PERFORMANCE 
OF SOME TRADITIONA L TECHNOLOGIES:  TH E ICE-HOUSE S O F 

BRITAI N AN D TH E WINDCATCHERS O F TH E MIDDLE EAS T 

DR.  S.C .  ROAF 

Departmen t  o f  Architecture ,  Oxfor d Polytechnic , 
Oxford ,  0X 3 OB P 

ABSTRACT 

Increase s  i n  globa l  temperature s  thi s  centur y hav e  cause d a t  leas t  on e 
temperatur e  dependen t  traditiona l  technology ,  th e  ice-house ,  t o  cros s  th e 
therma l  threshol d dictatin g it s  viabilit y  i n  Britain .  Stud y o f  th e 
windcatcher s  o f  th e  Middl e  Eas t  show s  tha t  furthe r  increase s  i n  regiona l 
temperatur e  ma y rende r  no t  onl y type s  o f  windcatche r  non-viabl e  i n  som e 
areas ,  bu t  als o traditiona l  dwelling s  a s  shelte r  i n  som e  areas .  Thi s  i n 
tur n suggest s  tha t  limit s  o f  settlemen t  i n  th e  Middl e  Eas t  woul d b e 
affected .  Suc h problem s  an d change s  shoul d b e  anticipate d an d passiv e 
solution s  sough t  now . 

KEYWORDS 

Ice-house ;  windcatcher ;  thermal ;  threshold ;  climate ;  desert ;  tech -
nology ;  globa l  warming ;  temperature-dependent . 

Temperature-dependen t  Technologie s 

Wit h a  win d o r  wate r  drive n technolog y on e  ca n gaug e  ho w efficien t  i t  i s  b y 
easil y  visibl e  o r  tangibl e  means :  on e  ca n coun t  ho w ofte n a  wind-sail ,  a 
water-whee l  o r  a  grin d ston e  turns ,  o r  ho w muc h grai n i s  groun d o r  wate r 
pumped .  However ,  ther e  ar e  a  rang e  o f  technologie s  i n  whic h thei r  effect -
ivenes s  rest s  o n th e  establishmen t  an d maintenanc e  o f  temperatur e  range s 
withi n a  building .  N o on e  ha s  attempte d t o  quantif y  th e  operationa l 
temperatur e  limit s  o f  suc h building s  an d I  believ e  thi s  i s  becaus e  tempera -
tur e  i s  invisibl e  an d intangible ,  an d i s  therefor e  ignored ,  particularl y 
wher e  th e  temperatur e  range s  involve d ar e  subtle .  Th e  nee d t o  understan d 
th e  significanc e  o f  temperatur e  i n  building s  i s  becomin g dail y  mor e 
importan t  a s  i s  ou r  nee d t o  mov e  toward s  a  relianc e  o n passiv e  desig n 
solution s  t o  solv e  problem s  o f  heatin g an d coolin g buildings .  Th e  building s 
describe d belo w als o poin t  t o  thi s  nee d fo r  Globa l  a s  wel l  a s  regiona l  rea -
sons . 
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The  Ice-House s  o f  Britai n  -  a  Technolog y Mad e  Non-Viabl e  b y Globa l  Warmin g 

Betwee n 197 5 an d 197 8 I  studie d th e  remarkabl e  building s  o f  th e  Centra l 
Irania n Desert .  Amon g the m I  recorde d th e  ice-house s  o f  th e  area .  O n 
returnin g t o  Englan d I  bega n wit h a  colleague ,  S.P .  Beamon ,  "Th e  Ice -
Hous e  Hun t  o f  Britain "  i n  whic h w e  tracke d dow n an d recorde d ove r  thre e  an d 
a  hal f  thousan d extan t  ice-house s  i n  Britain .  Th e  result s  o f  th e  Hun t 
alon g wit h a  histor y o f  Britis h an d Worl d ice-house s  ha s  recentl y  bee n 
publishe d (Beamo n an d Roaf ,  1990) .  Ice-house s  wer e  buil t  i n  ever y con -
tinen t  o f  th e  worl d t o  hous e  th e  natura l  ice ,  harveste d i n  winte r  an d the n 
store d unti l  i t  wa s  require d i n  th e  ho t  sala d day s  o f  summer . 

Ice-house s  hav e  bee n buil t  an d use d sinc e  a t  leas t  th e  tim e  o f  th e  firs t 
writte n records ,  a s  cureifor m tablet s  fro m Mesopotami a  show ,  eve n durin g 
th e  ho t  centurie s  o f  th e  Roma n period .  However ,  th e  ice-hous e  ha s  no w 
cease d t o  b e  a  viabl e  technolog y i n  Britai n  thi s  centur y du e  t o  a  1° C 
increas e  i n  temperatur e  whic h ha s  mean t  tha t  ther e  hav e  bee n insufficien t 
col d winter s  t o  provid e  a  reliabl e  stoc k o f  ic e  fo r  th e  ice-houses .  Thu s 
th e  ice-house ,  regardles s  o f  th e  fac t  tha t  i t  ha s  als o becom e  obsolet e  fo r 
socia l  an d technica l  reasons ,  i s  n o longe r  a  viabl e  technolog y i n  Britai n 
wher e  winte r  temperatures ,  althoug h havin g becom e  onl y slightl y  warmer , 
hav e  crosse d th e  temperatur e  threshold s  tha t  divide s  th e  buildin g fro m 
bein g a  reliable ,  t o  a  non-viable ,  technology . 

Tig .  2  Compariso n betwee n th e  dimension s  o f  Stourhea d ice-hous e 
Wiltshire ,  wit h a  diamete r  o f  5  m  (c .  1 6 ft )  an d thos e  o f 
th e  ice-hous e  o f  Yaz d i n  centra l  Persi a  (Iran) ,  whic h ha s 
a  diamete r  o f  1 2 m  (c .  3 0 f t ) . 

The  Windcatcher s  o f  th e  Middl e  Eas t  -  a  Technolog y Threatene d 

Windcatcher s  ar e  als o a n ancien t  technolog y (Roaf ,  1991 )  whic h ar e  extreme -
l y  subtl e  i n  th e  wa y tha t  the y ca n b e  adapte d t o  loca l  condition s  an d 
climates . 

Windcatcher s  operat e  b y drawin g movin g ai r  fro m abov e  th e  buildin g dow n 
throug h it s  summe r  room s  i n  orde r  t o  coo l  and/o r  ventilat e  them ,  o r  thei r 
occupants . 

I n  th e  ver y ho t  dr y region s  o f  th e  Middl e  East ,  suc h a s  Baghdad ,  th e  smal l 
windcatche r  vent s  o n th e  roo f  onl y channe l  ai r  t o  th e  coo l  dee p basement s 
t o  ventilat e  the m durin g thei r  afternoo n occupatio n b y th e  extende d famil y 
i n  summer .  Th e  windcatche r  typicall y  onl y reduce s  th e  ai r  temperatur e  fro m 
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th e  roo f  t o  th e  groun d floo r  b y 2°-3°C .  I n  Baghda d ai r  introduce d int o th e 
groun d floo r  summe r  room s  durin g th e  da y woul d b e  a t  temperature s  o f  43° -
48° C whic h i s  to o war m fo r  comfort ,  eve n i n  Baghda d (Roaf ,  1991) . 

Fig .  2 .  Ma p o f  th e  windcatche r  type s  o f  th e  Middl e  East . 

I n  th e  ver y ho t  humi d Gul f  regio n th e  windcatcher s  suppl y ai r  t o  th e  groun d 
floo r  room s  despit e  th e  hig h temperature s  o f  th e  are a  becaus e  i n  thi s  humi d 
climate ,  whe n th e  ai r  temperatur e  exceed s  bod y temperatur e  (37°C )  fo r  lon g 
periods ,  th e  onl y wa y th e  bod y ca n los e  hea t  i s  b y evaporativ e  coolin g fro m 
th e  skin .  I n  saturate d ai r  th e  onl y wa y t o  increas e  th e  rat e  o f  hea t  los s 
i s  b y increasin g th e  spee d o f  ai r  passin g ove r  th e  ski n whic h a  larg e 
windcatche r  ca n d o effectively . 

The  mos t  numerou s  an d divers e  example s  o f  windcatcher s  ar e  foun d i n  th e 
Centra l  Irania n Deser t  region ,  particularl y  aroun d Yazd ,  wher e  man y 
settlements ,  larg e  an d small ,  ar e  toppe d b y sea s  o f  windcatchers .  Th e 
windcatcher s  recorde d i n  Yaz d sho w ho w perfectl y  th e  climat e  o f  th e  are a 
suit s  th e  us e  o f  th e  windcatche r  i n  relatio n t o  th e  loca l  buildin g type s 
an d th e  physiologica l  response s  o f  th e  bod y t o  hig h temperature s  i n  summer . 

I n  th e  cit y  o f  Yaz d th e  windcatcher s  war m an d ventilat e  th e  dee p basement s 
wher e  peopl e  spen d th e  afternoon .  Th e  windcatcher s  als o coo l  th e  wall s  o f 
th e  groun d floo r  room s  durin g th e  nigh t  an d th e  occupant s  o f  th e  groun d 
floo r  room s  ar e  coole d b y increase d convectio n an d evaporatio n durin g th e 
morning s  an d evening s  whe n the y si t  beneat h th e  windcatchers .  Bu t  th e 
windcatche r  als o heat s  th e  wall s  o f  th e  groun d floo r  rooms ,  usuall y  durin g 
th e  lat e  afternoo n whe n th e  externa l  temperatur e  exceed s  th e  interna l 
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temperatur e  b y 2°-3° C -  a n averag e  figur e  b y whic h th e  ai r  temperatur e  i s 
reduce d i n  it s  pat h dow n th e  tower .  A s  afternoo n temperature s  i n  Yaz d 
typicall y  reac h aroun d 42°-43° C thi s  usuall y  result s  i n  interna l  tem -
perature s  risin g t o  aroun d 39° C i n th e  groun d floo r  room s  belo w th e 
windcatcher .  Thes e  figure s  ar e  perfectl y  acceptable ,  an d particularl y  t o 
th e  Yazd i  wh o retreat s  t o  hi s  basemen t  i n  th e  afternoo n whic h wil l  b e  10° C 
coole r  a t  aroun d 29°C . 

However ,  i n  th e  village s  tha t  ar e  o n th e  expose d fringe s  o f  th e  Centra l 
Desert ,  an d neithe r  protecte d b y oase s  o r  gardens ,  th e  indoo r  afternoo n 
summe r  temperature s  probabl y ris e  u p t o  2° C highe r  tha n thi s  resultin g i n 
indoo r  temperature s  o f  u p t o  41° C i n mid-afternoon .  Thes e  temperature s  ar e 
on th e  uppe r  limit s  o f  wha t  i s  physiologicall y  o r  psychologicall y  accept -
abl e  eve n t o  thi s  deser t  population ,  an d ar e  experience d i n  expose d 
village s  wit h crud e  houses ,  windcatcher s  an d n o basements . 

I  believ e  tha t  her e  i s  anothe r  therma l  threshol d tha t  i s  bein g approache d 
an d tha t  i n  th e  even t  o f  a  sligh t  increas e  i n  globa l  temperature s  o f  1° -
2° C th e  windcatcher s  i n  th e  expose d deser t  settlement s  o f  Centra l  Ira n 
woul d ceas e  t o  b e  viabl e  t o  use ,  bu t  als o i n  turn ,  woul d th e  traditiona l 
villag e  house s  ceas e  t o  provid e  adequat e  shelte r  fro m summe r  heat . 

I n  term s  o f  th e  traditiona l  passiv e  solution s  t o  shelte r  i n  th e  Middl e  Eas t 
th e  are a  woul d chang e  fro m requirin g th e  desig n defense s  no t  o f  a  ho t  dr y 
climate ,  t o  thos e  o f  a  ver y ho t  dr y climate ,  notabl y dee p basement s  an d 
windcatcher s  servin g onl y th e  dee p basements .  I n  term s  o f  innovativ e 
passiv e  solution s  sola r  technolog y obviousl y ha s  muc h t o  offer .  However , 
th e  invisibilit y  o f  th e  inheren t  temperatur e  threshold s  involve d ha s  maske d 
th e  exten t  o f  th e  possibl e  impac t  o f  globa l  temperatur e  increase s  o n th e 
dwellin g type s  an d exten t  o f  settlemen t  i n  th e  Middl e  East .  O r  perhap s  w e 
ar e  stil l  sufferin g unde r  th e  illusio n tha t  ther e  ar e  mechanica l  solution s 
t o  thes e  problems . 

I  sugges t  tha t  ove r  th e  nex t  tw o decade s  w e  wil l  se e  th e  interna l  climat e 
o f  th e  traditiona l  house s  i n  th e  Middl e  Eas t  begi n t o  cros s  suc h temperatur e 
threshold s  an d w e  wil l  se e  whol e  area s  becom e  uninhabited .  I  woul d poin t 
t o  wha t  I  conside r  t o  b e  immediatel y vulnerabl e  dwellin g type s  suc h a s  th e 
ree d house s  o f  th e  Mars h Arab s  o f  Souther n Iraq ,  th e  summe r  house s  o f  th e 
transhuman t  population s  o f  th e  Gul f  an d th e  singl e  store y dwelling s  o f  th e 
expose d village s  o f  th e  Centra l  Irania n Desert .  A  rul e  o f  thum b ma y b e 
tha t  area s  ma y b e  vulnerabl e  i f  thei r  averag e  Jul y maximu m temperature s 
excee d 43°-45°C . 

I t  woul d b e  possibl e  a t  thi s  stag e  t o  introduc e  a  sensibl e  polic y fo r  th e 
phase d introductio n o f  passiv e  technologie s  t o  aleviat e  increasin g problem s 
o f  summe r  coolin g i n  th e  hottes t  area s  o f  th e  Middl e  East ;  Governmen t 
sponsore d passiv e  technologie s  suc h a s  sola r  coolin g an d th e  incorporatio n 
o f  ful l  an d hal f  basement s  int o house s  fo r  afternoo n use .  Thes e  technol -
ogie s  coul d perpetuat e  th e  habitabilit y  o f  suc h region s  withou t  th e 
cripplin g inpu t  o f  energ y require d fo r  mechanica l  coolin g alternatives . 

I f  nothin g els e  w e  shoul d a t  leas t  anticipat e  th e  obsolescenc e  o f  buildin g 
type s  i n  ver y ho t  region s  an d recor d th e  fascinatin g rang e  o f  dwellings , 
som e  o f  which ,  suc h a s  th e  ree d house s  o f  Souther n Iraq ,  hav e  bee n occupie d 
fo r  ove r  5,00 0 years ,  befor e  the y ceas e  t o  exis t  al l  together . 
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ABSTRAC T 

Ventilatio n rates , shadin g level of window s an d indoo r  air  temperatur e ar e analyze d 
togethe r  in orde r  t o single ou t th e optimu m mix referre d t o th e therma l comfor t 
situation s of thermall y moderat e commercia l buildings . Therma l comfor t is her e take n 
int o accoun t by mean s of th e Predicte d Mea n Vot e (Fanger , 1970). 
A shor t selection of graph s is proposed , abl e to provid e th e simultaneou s view of th e 
effects produced , on th e PMV , by modification s of th e abov e cited parameters . 
Graph s can b e usefull y adopte d for  th e prope r  design of th e glazed surfaces , especiall y 
for  passiv e solar  buildings . 

Throug h th e pas t years , even in commercia l buildings , th e concept s an d th e design 
strategie s of th e bioclimati c architectur e hav e bee n largel y employed , in orde r  t o achiev e 
bot h relevan t energ y saving s an d bette r  levels of th e indoo r  quality . 
As it is well known , man y parameter s mee t togethe r  to th e definitio n of th e therma l 
qualit y of th e confine d environments . 
Amon g them , th e amoun t of solar  radiatio n enterin g th e roo m throug h th e transparen t 
element s of th e envelop e an d reachin g people , is a relevan t aspec t t o tak e int o account . 
Thi s is particularl y importan t for  commercia l buildings , wher e peopl e is assume d to 
mantai n for  a long laps e of tim e th e sam e positio n an d posture . 
Anothe r  noticeabl e componen t of th e huma n therma l sensatio n is th e level of th e air 
flow esperience d by peopl e insid e th e buildings , du e bot h to mechanica l or  natura l 
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ventilation . Of course , for  safet y an d practica l reasons , in servic e building s th e ventilatio n 
is essentiall y obtaine d by mean s of mechanica l systems . 
Fo r  th e ventilatio n rate s insid e buildings , man y rule s an d technica l suggestion s ar e 
availabl e t o designers . 
Otherwise , ne w findings  abou t innovativ e transparen t materials , like glasses with high 
therma l resistanc e an d matherial s havin g changin g optica l properties , show interestin g 
perspective s on th e possibilit y of suitabl y operatin g th e therma l performance s of th e 
envelope . 

A N OPTIMU M COMFOR T MI X 

Startin g fro m th e abov e considerations , som e graph s ar e her e propose d abl e t o reac h 
th e optimizatio n of th e shadin g level of th e windo w an d th e require d ventilatio n rate s 
for  a commercia l building , locate d in a given climate . 
Th e basi s paramete r  for  th e definitio n of th e optimu m mix of shadin g coefficient an d 
ventilatio n rate , is her e assume d to b e th e therma l comfor t condition s insid e th e 
examine d room . Tha t is, assumin g th e targe t of havin g a Predicte d Mea n Vot e equa l t o 
zer o (PMV=0) , we comput e th e effects of th e presenc e of th e high intensit y sourc e of 
th e sun on th e therma l balanc e of th e huma n bod y (that , notoriousl y modifie s th e valu e 
of th e mea n radian t temperatur e of th e room) . 
Moreover , interna l ventilatio n rate s ar e chosen in orde r  to assur e therma l comfor t 
condition s t o th e occupants , following ASHRA E suggestion s an d ISO standards . 
Effect s of differen t combination s of subjectiv e (clothin g an d activit y levels) an d climati c 
situation s (air  an d mea n radian t temperature , relativ e humidit y an d relativ e air  velocity ) 
ar e investigate d throug h th e paper . 
A comprehensiv e set of graph s will b e presented , wher e th e optimu m shadin g level of 
th e windo w apertures , O o p t, for  each situatio n is given as a functio n of th e (solar ) radian t 
load (RL ) on th e huma n body , for  variou s indoo r  air  temperature s an d relativ e air 
velocity . 

T H E RADIAN T LOA D 

Followin g th e theor y an d th e symbolog y adopte d by P.O . Fange r  (Fanger , 1970), th e 
effect of a n high intensit y sourc e on th e huma n bod y radian t load can b e expresse d in 
term s of a modificatio n of th e mea n radian t temperatur e of th e given environment : 

ô 4 = ô 4 + ô 4 er> 
1 mrt x umrt ^ A imrt V A/ 

wher e T m rt is th e modifie d mea n radian t temperature , T u m rt is th e mea n radian t 
temperatur e of th e so called "unirradiated "  environment , an d T i m rt is th e mea n radian t 
temperatur e induce d by th e presenc e of th e high intensit y sources , an d th e sun amon g 
them . 
In fact , th e irradiate d mea n radian t temperatur e assume s th e well know n expression : 

T 4 i m rt = ( Á ^ Ë ) / ^ · * · ^ ) (2) 

wher e Aj, represent s th e projecte d are a facto r  (m 2) , otir is th e mea n absorptanc e of th e 
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clothe d huma n body , is th e mea n densit y of th e radian t flux ( W / m 2) , \ f ( is th e 
effective radiatio n are a of th e clothe d bod y (m 2) , ó is th e Stefan-Boltzman n constan t 
( W / m 2K 4) , an d e p is th e emittanc e of th e oute r  surface s of th e clothe d body . 

By introducin g th e ter m "radian t load" , R L (W) , as: 

R L = Ap*ttj rOj r (3) 
we can write : 

T 4 ^  = KL/(\a-c-e p) (4) 

Suitabl e value s of th e term s abov e introduce d can b e usefull y foun d in th e scientifi c 
literature . W e will no t repor t som e of the m in a next section of th e paper . 
W e would only to remembe r  her e tha t th e dependenc e of th e radian t load , RL , by th e 
directio n of th e spot generatin g th e radian t bea m is her e given by th e ter m Ap. In th e 
case of presenc e of th e solar  radiatio n on th e huma n bod y it take s int o accoun t th e 
geometri c relativ e positio n betwee n sun an d huma n body : as a matte r  of fact , th e 
projecte d are a depend s on azimut h angl e an d altitud e of th e sun with respec t t o th e 
huma n body . 

WINDO W OPENIN G LEVE L 

By mean s of th e applicatio n of th e Fange r  methodolog y in th e case of presenc e of high 
intensit y sources , we hav e generate d som e graph s that , as a functio n of th e radian t load , 
RL , provid e th e optima l openin g level of th e windo w rollin g shutter s for  a roo m 
chacterize d by assigne d value s of air  velocity an d operativ e temperature . 
Th e optima l openin g rat e is her e simpl y intende d as th e rati o betwee n th e optima l 
glaze d surfac e of th e window , S o p t, an d th e startin g valu e of th e glazed surface , S in 

(Cannistrar o et al. , 1990): 

O o pt = S o p t/ S in (5) 

Figur e 1 shows an exampl e of th e propose d graphs . For  a metaboli c rat e of 58 W / m 2, 
for  a clothin g ensambl e correspondin g to a therma l resistanc e of 1 clo an d for  a relativ e 
humidit y of 50% , th e optimu m valu e of th e openin g rat e is depicted , for  differen t value s 
of air  velocity , í  (m/s) , an d operativ e temperature , t o p. Eac h poin t of th e curve s is 
representativ e of a "PMV=0 "  conditio n and , generally , relate s to differen t combination s 
of architectura l an d H V A C solutions . 
Point s 1, 2 an d 3 in th e figur e ar e chacterize d by th e parameter s describe d in tabl e 1. 
As it' s easy to note , poin t 1 indicate s tha t only with th e 38%  of th e glazed initia l surfac e 
it is possibl e to reac h th e therma l comfor t situations , whe n th e roo m is chacterize d by 
an operativ e temperatur e of 20 0 C (with relativ e humidit y of 50% ) an d air  velocity of 
0.0 m/s . In othe r  words , th e combinatio n "RL=6 0 W, t o p= 2 0 â C, v=0 . 0 m/s"  is no t abl e 
t o provid e th e therma l neutra l sensatio n to occupants : in orde r  t o reac h thi s goal , on e 
of th e solutio n is th e suitabl e shadin g of th e glazed surface , if air  velocity an d operativ e 
temperatur e ar e kep t at th e initia l values . 
Startin g fro m thi s point , by mea n of a modificatio n of th e air  velocity (a t a valu e of 0.15 
m/s) , an d mantainin g at th e sam e valu e th e operativ e temperature , th e therma l comfor t 
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Tabl e I - Values of the parameter s referrin g to point s 
1,2 and 3 in figure 1. 

situatio n ca n b e no w obtaine d with an openin g rat e of 47% , tha t mean s an increas e of 
th e 23.6%  from  th e previou s value . 
Figure s 2 an d 3 give a n exampl e of th e 
graph s tha t can b e produce d following th e 
abov e mentione d methodology . Figure s 
refe r  t o subjectiv e an d climati c condition s 
tha t ar e typica l respectivel y of summe r 
an d winte r  situation s (ISO , 1984 an d 
ASHRAE , 1981). In figure  2, in fact , air 
velocity range s from  0.0 t o 0.8 m/s , whil e 
operativ e temperatur e range s from  22.8 
t o 24.5 â C; th e metaboli c rat e refer s t o 
sedentar y light activit y for  peopl e dresse d ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
with cloth s havin g a therma l resistanc e of ^ " • ^ • Â Â™ ^ ^ â â̂ ™ " ^ ^ ^ ^ ^ " ™ " Ç" 
0.5 clo. In figur e 3 wind velocity spread s from  0.0 to 0.15 m/s , with operativ e 
temperatur e going from  20 to 21.5 â C; th e metaboli c rat e is kep t at 1.2 Me t an d th e 
clothin g ensambl e refer s t o a therma l resistanc e of 1 clo. 

Poin t 
no . 

R L 
(W ) C O (m/s) 

O o pt 

1 60 20 0.00 0.38 
2 60 20 0.15 0.47 
3 60 22 0.00 0.13 

Hd- 1 Me t 

Ic l -  1 cl o 

S .  Ç .  - 0 5 

• to p - 20 C 

0 to p - 21 c 

•»- to p - 22 c 

Ä to p - 23 c 

Figur e 1- Openin g rat e of the window glazed surfac e as a functio n of the radian t load, for 
variou s values of operativ e temperatur e and air  velocity (see also tabl e 1). 

Th e way to ente r  graph s is th e computatio n of th e radian t load , RL . Thi s can b e easily 
mad e whe n th e valu e of th e densit y of th e flux, is known . Moreover , it' s importan t 
t o recogniz e th e azimut h angl e an d th e altitud e of th e directio n from  wher e radiatio n 
comes : thi s allows to properl y calculat e th e projecte d are a Ap (Fanger , 1970). 
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Figur e 2- Openin g rat e of the window glazed surfac e as a functio n of the radian t load, for 
typica l summe r  conditions . 
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a%  (nud e body) ^  0.95 

ep (clothed body) « 0.95 
e p (nud e body) =1.00 
€ p (mean value) = 0.97 

(seated persons ) -0.696 
Aeff (standio g persons ) - 0.725 

* Refewed to aidiatio a from  IR-source s flavin* 
co!ottit^pewti»«$o f 2500 íÊ  ^ 

Altitud e 
Azimut h 30 45 60 

0 0.303 0 3 0 2 0.262 

30 0 2 9 7 0.288 0.262 
60 0.280 0.275 0.241 
90 0.243 0.248 0.220 

Tabl e 2 - Selected values to be employed Tabl e 3 - Projecte d are a factor s of seated persons , 
in equation s (3) and (4) 

CONCLUSION S 

Th e ai m of th e pape r  is t o presen t a simpl e metho d abl e to provid e th e optimu m 
combinatio n of shadin g levels of th e window , air  ventilatio n rate s an d operativ e 
temperature , in orde r  to obtai n th e therma l comfor t condition s insid e a given commercia l 
building . Since in commercia l building s peopl e is suppose d to mantai n for  a long laps e 
of tim e th e sam e positio n an d posture , throug h th e pape r  we hav e calculate d th e PM V 
only for  seate d persons . 
Th e effect of th e high intensit y source s ar e also take n int o account , with specia l regar d 
t o th e direc t solar  radiatio n enterin g th e room . 
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In fact th e are a factors , Ap, can b e compute d by mean s of th e projecte d are a factors , fp, 
with th e following relation : 

A p - f p - A * (6) 

Th e parameter s t o b e employe d in equation s (3), (4) an d (6) ar e reporte d in table s 2 an d 
3. 
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ABSTRACT 

Th e  hea t  requirement s  o f  th e  "Zero-Energy-House "  (Dorpe ,  nea r 
Hanover ,  W.Germany )  ar e  covere d b y solar .  Firs t  an d essentia l 
was  th e  consequen t  cu t  o f  energ y losses ,  eve n superio r  t o  th e 
efficien t  buildin g standard s  o f  Sweden .  T o cove r  th e  remainin g 
hea t  requirement ,  a  sola r  heatin g storag e  syste m wa s  installe d 
Compare d wit h th e  averag e  annua l  standar d hea t  consumption ,  i t 
i s  possibl e  t o  reac h a n energ y saving s  rat e  o f  90 % wit h addi -
tiona l  constructio n cost s  o f  onl y a n 15% . 

Th e  concep t 

Th e  ai m o f  th e  "Zero-Energy-House "  projec t  nea r  Hanove r 
(German y 52°20 '  north ,  15 5 m  high )  i s  t o  demonstrat e  tha t  i t  i s 
possibl e  t o  completel y dispens e  wit h th e  us e  o f  fossil e  energ y 
fo r  hea t  requiremen t  ye t  meetin g wit h hig h standard s  o f 
comfort . 

I n  th e  lat e  1970ies ,  a  grou p o f  youn g peopl e  go t  togethe r  wh o 
wer e  idealisti c  enoug h t o  develo p ecologica l  futur e 
technologie s  befor e  "ecology "  ha d bee n focuse d a t  b y th e 
public .  Th e  whol e  projec t  se t  of f  a s  a  privat e  iniative .  On e 
ai m wa s  t o  buil d  th e  hous e  inexpensivel y an d t o  kee p th e 
constructio n simpl e  enoug h fo r  man y volunteer s  t o  hel p an d wor k 
o n th e  site .  Wha t  wa s  wanted ,  wa s  t o  sho w ho w simple ,  practica l 
idea s  a s  t o  savin g resource s  coul d b e  realize d an d handle d i n  a 
dail y  lif e  situation . 

Th e  house ,  it s  construction ,  th e  choic e  o f  th e  buildin g materi -
als ,  th e  wa y on e  interact s  wit h th e  hous e  an d th e  wast e 
handlin g wa s  planne d considerin g holisti c  ecologica l  criteria . 
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Th e  hous e  als o serve s  a s  a  demonstratio n object .  Visitor s  hav e 
acces s  an d guide d informatio n tour s  ar e  given .  Ë  publi c 
relatio n campaig n wa s  starte d a s  soo n a s  th e  buildin g ha d bee n 
completed . 
A monitorin g programm e  abou t  th e  propertie s  o f  th e  hous e  an d 
record s  fo r  scientifi c  investigation s  presentl y  i s  bein g 
conveye d a t  th e  house . 

Energ y 

Th e  mai n essentia l  i s  th e  ide a  o f  completel y shiftin g th e 
energ y suppl y toward s  th e  us e  o f  renewabl e  energ y sources : 
su n an d wind . 

Electricity .  Th e  electricit y  suppl y derive s  fro m th e  us e  o f  a 
win d generator ,  store d b y batter y an d distribute d b y a  lo w 
voltag e  electricit y  system .  Exces s  energ y i s  t o  b e  fe d int o th e 
publi c  suppl y network .  (Basicall y  du e  t o  administrativ e 
impediments ,  th e  win d generato r  hasn' t  bee n installe d yet. ) 
Wit h al l  thes e  electrica l  systems ,  i t  i s  mean t  t o  appl y energ y 
a t  it s  bes t  efficiency ,  e.g .  whe n usin g low-consumptio n 
light-bulb s  tha t  combin e  durabilit y  an d economi c  advantages . 

Hot  water .  Ho t  wate r  i s  supplie d simpl y b y a  solarthermi c  sy -
ste m an d a  wel l  insulate d wate r  tank . 

Heating .  Mos t  o f  th e  energ y waste d ca n b e  trace d bac k t o 
heatin g buildings .  Eve n i f  moder n burner s  produc e  significantl y 
les s  toxi c  gase s  tha n traffic ,  carbondioxide s  ar e  considere d t o 
b e  on e  o f  th e  mos t  dangerou s  pollutants .  CO2 i s  know n t o 
contribut e  th e  bigges t  portio n t o  thi s  dramatic ,  man-mad e 
climat e  chang e  thu s  an y applicatio n o f  fossile , 
carbondioxide-releasin g energ y source s  shoul d b e  avoided ! 

Durin g th e  plannin g stage s  durin g th e  earl y  eighties ,  i t  wa s 
recognize d tha t  onl y throug h consistentl y  reducin g th e  energ y 
losse s  a  successfu l  utilisatio n o f  a n activ e  sola r  syste m woul d 
b e  enabled . 

Durin g th e  col d period s  o f  a  Nort h Germa n wintertim e  ,  wit h 
onl y fe w hour s  o f  sunshine ,  th e  passiv e  us e  o f  sola r  energ y 
gain s  onl y cove r  a  mino r  shar e  o f  th e  tota l  hea t  requirement . 

Due  t o  th e  cognitio n tha t  i t  i s  no t  th e  energ y leve l 
(temperature )  whic h ha s  t o  b e  provide d b y heating ,  bu t  t o 
replac e  th e  energ y escaped ,  a  heatin g syste m alway s  actuall y 
balance s  th e  losse s  o f  th e  therma l  syste m "house" . 

Al l  additiona l  surfac e  fo r  mor e  sola r  gain ,  e.g .  window s  facin g 
South ,  woul d produc e  mor e  energ y losse s  tha n the y woul d b e  abl e 
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t o brin g int o th e  house .  Al l  sola r  system s  whic h hav e  separat e 
system s  fo r  gai n an d suppl y o f  sola r  energ y nee d cost-intensiv e 
energ y transport ,  transformatio n o r  storage . 

As  a  consequenc e  th e  whol e  hous e  wa s  designe d t o  preven t  energ y 
fro m escaping .  I n  orde r  t o  this ,  severa l  energ y savin g system s 
wer e  integrate d int o th e  concep t  an d carrie d ou t  thoroughly : 

Hea t  transmittanc e  throug h walls ,  windows ,  floor s  an d roofin g 
ha d t o  b e  minimized .  Th e  surface/volum e  rati o  ha s  t o  b e  small , 
whic h i s  muc h easie r  whe n bigge r  unit s  ar e  bein g buil t  (viz . 
terrac e  houses ) . 

Design .  Th e  architectura l  desig n wa s  base d o n a  half-bowl . 
Ther e  i s  n o cella r  excep t  fo r  som e  crawlin g spac e  an d a  wel l 
insulate d bea m constructio n floor .  (1 ) 

Th e  sout h wal l  o f  th e  two-store y hous e  i s  vertical .  Mos t  o f  th e 
window s  allo w th e  lo w slope d winte r  su n t o  fa r  reac h int o th e 
rooms .  Th e  tota l  surfac e  o f  al l  souther n window s  add s  u p t o 
9  m 2 .  (2 ) 

Th e  norther n roo f  wa s  extende d downward s  an d bear s  a  non-heate d 
multifunctiona l  storag e  spac e  tha t  serve s  a s  a  therma l 
buffer .  (3 ) 

Th e  atti c  an d th e  slop e  roo f  ar e  bot h wel l  insulate d wit h 
anothe r  buffe r  betwee n them .  (4 ) 

Buildin g material .  An y hea t  transfe r  throug h th e  surfac e  o f  th e 
hous e  i s  b y fa r  th e  mos t  importan t  hea t  los s  factor . 

Th e  wall s  wer e  constructe d b y th e  us e  o f  tw o stu d system s  o f  1 2 
c m thickness .  Th e  oute r  surfac e  wa s  stabilize d b y a  woo d 
particl e  sheathin g an d protecte d b y woode n weatherstrippin g an d 
a  ventilate d ai r  space .  Th e  wal l  cavit y  wa s  o f  1 2 t o  2 0 c m 
thic k an d covere d wit h drywall .  Additiona l  airtightnin g wa s 
achieve d b y usin g a  polyethylen e  vapou r  barrie r  insid e  an d a 
windtightnin g pape r  laye r  outside .  Th e  spac e  betwee n thi s 
constructio n wa s  fille d wit h loos e  fil l  cellulos e  insulation , 
whic h agai n cut s  th e  effect s  o f  ai r  leakage .  Th e  tota l 
insulatio n thicknes s  range s  fro m 3 6 c m (South ,  floor ,  ceiling ) 
t o  4 5 c m (East ,  West )  plu s  buffe r  an d 1 2 c m insulatio n (North) . 
Th e  roo f  i s  als o buil t  wit h  ligh t  weigh t  woo d construction ,  bu t 
wit h 5 5 c m insulatio n thickness .  Th e  k-value s  var y fro m 
0,08 3 ...  0,12 8 W / m 2K ( R =  4 0 .. .  60 )  (5 ,  6 ) 
Th e  exac t  fillin g achieve d wit h cellulos e  insulatio n spraye d 
an d blow n allow s  a  constructio n wit h hardl y an y therma l 
bridges . 
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Th e  window s  ar e  glaze d wit h k  =  0,1 3 ( R =  4 ) .  Durin g th e 
coldes t  months ,  th e  easter n an d wester n window s  ma y b e  shu t 
completel y an d ma y b e  temporaril y  insulate d 2 0 c m thick .  Th e 
souther n window s  ar e  t o  b e  shielde d b y a n extr a  wel l  insulate d 
slidin g window . 

Ventilatio n syste m '  • 

Basicall y  woo d fram e  construction s  ar e  insuffien t  i n  term s  o f 
airtightnes s  becaus e  o f  th e  numerou s  joint s  an d cracks .  Her e 
emphasi s  wa s  lai d  o n th e  multipl e  tightnin g o f  th e  whol e 
construction .  Th e  choic e  fo r  cellulos e  insulatio n wa s  take n du e 
t o  th e  fac t  tha t  cellulos e  fibr e  improve s  th e  airtightnes s 
significantl y  bette r  tha n minera l  fibre .  Ther e  shoul d no t  b e  a 
singl e  ga p o r  an y fre e  ai r  flo w i n betwee n tw o win d barrier s 
an d i t  i s  possibl e  t o  avoi d thi s  wit h cellulos e  insulation . 
Anythin g tha t  pushe s  throug h th e  envelop e  wa s  joine d togethe r 
thoroughl y t o  avoi d an y involuntar y ai r  exchange .  (7 ) 

Thi s  wa s  fundamenta l  i n  managin g th e  ai r  exchange s  needed :  I n 
th e  wintertime ,  ventilatio n i s  don e  b y a  hea t  recover y system . 
An ai r  t o  ai r  hea t  exchanger ,  equippe d wit h a  ventilato r 
provide s  th e  room s  wit h preheate d fres h air .  Th e  indoo r  ai r 
qualit y  i s  remarkabl y goo d an d n o nois e  problem s  hav e  bee n 
reported .  Wit h thi s  metho d 6 0 .. .  7 0 % o f  th e  ventilatio n 
losse s  ca n b e  saved . 

Energ y gain s 

Th e  mai n energ y sourc e  fo r  th e  "Zero-Energy-House "  i s  th e  sun : 
remarkabl e  amount s  o f  heatin g provide d throug h th e  sout h 
window s  u p t o  Novembe r  an d fro m th e  beginnin g o f  February . 

As  a n optima l  heat-storage ,  al l  inne r  wall s  an d floor s  ar e 
bein g mad e  ou t  o f  soli d  soi l  bric k layer s  a s  therma l  mass . 
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As  a  matte r  o f  fac t  fo r  th e  "Zero-Energy-House "  i n  Dorp e  thi s 
ha s  a  considerabl y smalle r  effec t  o n th e  energ y balanc e  tha n 
previousl y estimated .  (  Bu t  thi s  ca n b e  expecte d t o  b e 
differen t  i n  sunnie r  climat e  zone s  ,e.g .  lik e  i n  th e  sout h o f 
th e  a l p s ) . 

A sola r  greenhous e  i s  als o ver y ofte n claime d t o  b e  a  vita l 
elemen t  o f  sola r  architecture .  I n  ou r  cas e  i t  i s  mor e  o f  a n 
additiona l  livin g spac e  an d no t  actuall y  necessar y t o  th e 
house s  energ y balance .  (8 ) 

Th e  activ e  heatin g syste m i s  base d o n 1 6 m 2 vacuu m collector s 
(9) ,  whic h hea t  a  tan k o f  1 0 m 3 o f  wate r  (10) .  Thi s 
water-storag e  tan k i s  place d i n  th e  middl e  o f  th e  house .  I t  i s 
ver y wel l  insulated ,  bu t  ther e  ar e  stil l  losse s  whic h i n  retur n 
ar e  gain s  fo r  th e  house .  Th e  wate r  i n  th e  tan k agai n heat s  u p 
durin g th e  autum n an d durin g sunn y winte r  days .  It s  energ y i s 
distribute d b y a  conventiona l  ho t  wate r  centra l  heatin g system . 
Th e  hous e  ha s  a  livin g spac e  o f  10 7 m 2 ,  o f  whic h 9 7 m 2 ar e 
heated . 

I n  Januar y th e  tota l  losse s  o f  th e  hea t  transmissio n wit h it s 
averag e  temperatur e  o f  0 °  C  ar e  a s  lo w a s  44 0 kWh ,  o r  th e 
equivalen t  o f  3 7 litre s  o f  oi l . 

Th e  ventilatio n losse s  ar e  mor e  o r  les s  covere d b y th e  energ y 
emissio n o f  th e  user s  (bod y heat )  o f  th e  building . 

Sola r  radiatio n throug h th e  window s  an d variou s  interna l 
source s  lik e  electricity ,  cookin g an d saving s  b y reduce d nigh t 
temperature ,  cove r  mos t  o f  th e  energ y losses .  I t  ha s  t o  b e 
realized ,  tha t  sola r  energ y gain s  i n  Januar y ar e  no t  addin g u p 
t o  mor e  tha n th e  hea t  fro m cooking . 

Th e  tota l  energ y balance : 
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Costs : 

Th e  tota l  energ y suppl y b y th e  water-storag e  tan k i s  2.50 0 kWh . 
To mak e  thes e  2.50 0 kW h availabl e  b y th e  sun ,  th e  highes t 
investmen t  cos t  pe r  uni t  saving s  hav e  t o  b e  pai d compare d wit h 
al l  othe r  element s  o f  th e  house .  Nevertheless ,  durin g unusuall y 
col d winters ,  a  separat e  hea t  sourc e  (ga s  heater )  ma y b e 
needed .  Th e  storag e  an d heatin g syste m i s  designe d fo r  averag e 
temperature s  o f  it s  surrounding . 

Th e  analysi s  o f  cos t  shows ,  tha t  i n  compariso n wit h th e  averag e 
hea t  requirement s  o f  presentl y  conventiona l  housing ,  abou t  9 0 % 
o f  energ y saving s  ar e  reache d passively ,  viz .  b y cut s  o f 
requirements :  woo d fram e  constructio n wit h optimize d 
insulation ,  hea t  recover y ventilatio n system ,  compac t  sola r 
oriente d hous e  desig n an d temporaril y  insulate d windows . 

Th e  constructio n cost s  fo r  thos e  9 0 % o f  energ y conservatio n 
potentia l  ar e  les s  tha n th e  amoun t  require d fo r  th e  remainin g 
10 % ,  covere d b y th e  sola r  powere d water-storag e  system . 

Conclusion : 

Eve n i n  sever e  climate s  lik e  i n  Centra l  Europe ,  i t  i s  possibl e 
t o  cove r  hea t  requirement s  b y solar .  Firs t  an d essentia l  i s  th e 
realizatio n o f  a t  leas t  th e  Swedis h buildin g standards .  Onl y 
consistentl y  reducin g th e  energ y losse s  wit h th e  existin g 
technologie s  woul d enabl e  a  successfu l  utilizatio n o f  a n activ e 
sola r  system . 

I n mor e  tempered ,  maritim e  climates ,  lik e  i n  th e  U K o r  norther n 
France ,  th e  Swedis h insulatio n standard s  shoul d b e  sufficien t 
t o  buil d  "Zero-Energy'^Houses .  r-»  |  1 
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ABSTRACT 

Studen t  residence s  a t  th e  Universit y  o f  Strathclyd e  hav e  recentl y  bee n 
buil t  incorporatin g th e  lates t  developmen t  i n  passiv e  technolog y -
transparen t  insulation .  Sola r  energ y inciden t  upo n thi s  fac e  i s  retaine d 
du e  t o  a  transparen t  elemen t  tha t  ha s  hig h transmissivit y  a s  wel l  a s 
exceptiona l  convection ,  radiatio n an d conductio n suppressin g qualities . 
Thi s  transparen t  insulatio n materia l  (TIM) ,  compose d o f  a  polycarbonat e 
honeycomb ,  allow s  maximu m utilisatio n o f  inciden t  energ y fo r  spac e  heating . 
The  developmen t  i s  th e  larges t  applicatio n o f  TI M t o spac e  heatin g i n 
buildings . 

The  overal l  desig n o f  th e  building s  maximise s  th e  us e  o f  availabl e  fre e 
energ y an d i s  als o vita l  i n  ensurin g occupan t  comfor t  an d a  pleasan t  livin g 
environment ,  whic h ultimatel y determine s  th e  succes s  o f  th e  project . 

KEYWORDS 

Passiv e  Sola r  Energy ;  Transparen t  Insulation ;  TIM ;  Sola r  Spac e  Heating ; 
Hea t  Recovery ;  Sola r  Contro l  Shading . 

INTRODUCTIO N 

The  climat e  o f  concer n ove r  globa l  farmin g i s  forcin g consideratio n t o 
reducin g greenhous e  ga s  emission s  throug h reduce d energ y consumption , 
particularl y  fossi l  based .  A s  40 % o f  tota l  energ y deman d i n  hig h latitud e 
countrie s  i s  fo r  lo w temperatur e  heatin g (space ,  wate r  an d process) ,  energ y 
conservatio n i n  building s  ha s  a n importan t  rol e  t o  play . 

The  us e  o f  transparen t  insulatio n claddin g enable s  building s  t o  harnes s  th e 
sun s  energ y a t  th e  sam e  tim e  a s  reducin g hea t  loss .  Couple d wit h prove n 
passiv e  desig n technolog y th e  possibilit y  o f  substantiall y  reducin g o r  eve n 
eliminatin g th e  deman d fo r  conventiona l  spac e  heatin g i s  realised . 

Transparen t  insulatio n ha s  alread y bee n applie d t o  building s  i n  thi s  role , 
bu t  t o  dat e  th e  development s  hav e  bee n bot h smal l  i n  scal e  an d mainl y o f  a 
researc h natur e  (Bollin ,  89 ;  Johnson ,  8 9 ) . 
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F i g u r e 1 : F r o n t V i e w , TIM a n d h i g h g l a z i n g a r e a 

F i g u r e 2 : R e a r v i e w , l o w g l a z i n g a r e a a n d o p e n a s p e c t s 

STUDENT SESIDENCE S 

The  ne w hall s  o f  residenc e  a t  th e  Universit y  o f  Strathclyd e  ar e  a n atemp t 
t o  brin g th e  technolog y o f  transparen t  insulatio n t o  commercia l  fruition . 
Designe d b y th e  Kenned y Partnershi p an d develope d b y Kaise r  Bautechnik , 
the y ar e  th e  larges t  exampl e  o f  th e  applicatio n o f  transparen t  insulatio n 
materia l  (TIM )  t o  spac e  heatin g i n  buildings . 

The  sout h fac e  o f  th e  building s  (Fi g 1) consist s  o f  a  mixtur e  o f 
conventiona l  window s  wit h a  TI M facade .  Th e  overal l  impressio n fro m th e 
exterio r  i s  o f  a  highl y glaze d building ,  whils t  fro m th e  interio r  th e 
constructio n appear s  conventionall y  solid .  Th e  nort h face ,  starkl y 
contrast s  this ,  wit h a  greatl y  reduce d glazin g are a  (Fi g 2 ) . 
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The  sit e  chose n wa s  idea l  fo r  a  sola r  development .  A  sout h facin g slop e 
that ,  despit e  a  cit y  centr e  location ,  ha d n o shadin g fro m tree s  o r  othe r 
buildings .  Thi s  allowe d th e  developmen t  o f  tw o paralle l  row s  o f  buildings . 
The y ar e  stretche d i n  th e  east-wes t  directio n t o  maximis e  th e  sout h facin g 
are a  (Fi g 3 )  an d minimis e  north-sout h dept h t o  facilitat e  therma l  exchang e 
acros s  th e  building .  The y accommodat e  37 6 student s  i n  flat s  o f  A  an d 8 ,  i n 
9  blocks . 

Two cost s  com e  int o th e  questio n o f  viabilit y  wit h a  ne w developmen t  -
constructio n cost s  an d runnin g costs .  Th e  latte r  take s  greate r  importanc e 
wit h tim e  an d her e  th e  componen t  devote d t o  energ y conservatio n i s 
critical ,  particularly ,  give n curren t  level s  o f  academi c  funding ,  fo r  a 
norther n universit y  (Edwards:90) .  Th e  increase d capita l  cost ,  o f 
approximatel y 20% ,  wa s  offse t  b y a n EE C gran t  unde r  it s  energ y 
demonstratio n schem e  alon g wit h suppor t  fro m th e  Scottis h Developmen t 
Agency . 

OBJECTIVE S 

The  overal l  ai m o f  sola r  architectur e  mus t  b e  t c  desig n t o  maintai n comfor t 
throughou t  al l  seasons ,  maximisin g th e  us e  o f  sola r  energ y an d minimisin g 
th e  us e  o f  conventiona l  energy . 

The  objective s  o f  thi s  demonstratio n schem e  ar e  t o  "utilis e  hig h technolog y 
sola r  skins.. .  t o  captur e  sola r  radiatio n an d reduc e  hea t  loss" . 
Furthermore ,  th e  building s  shoul d "demonstrat e  th e  importanc e  o f  sola r 
friendl y desig n a t  hig h latitudes" . 

TRANSPARENTL Y INSULATE D FACADE 

The  100m ^  o f  sout h facin g transparentl y  insulate d facad e  i s  base d o n 
technica l  development s  b y th e  Fraunhofe r  Institut .  Th e  TI M i n us e  i s  100m m 
thic k polycarbonat e  honeycomb ,  i n  th e  absorbe r  perpendicula r  geometr y 
(Fraunhofer ,  8 9 ) .  Inciden t  ligh t  passe s  throug h th e  hig h transmissivit y 
honeycom b t o hea t  a  darkl y painte d soli d  absorbe r  wal l  (Fi g A ) .  Th e 
honeycom b virtuall y  eliminate s  convectiv e  an d radiativ e  losse s  s o th e 
retaine d hea t  passe s  throug h t o  th e  interior .  Th e  thicknes s  an d densit y  o f 
th e  mas s  wal l  dictate s  th e  tim e  take n fo r  th e  hea t  t o  reac h th e  interior . 
I n  thi s  cas e  a  6  hou r  dela y shift s  th e  pea k interna l  temperature s  t o  matc h 
th e  maximu m deman d perio d i n  th e  earl y  evening . 

Reflectiv e  shadin g device s  withi n th e  facade ,  controlle d automatically , 
clos e  a t  nigh t  t o  furthe r  reduc e  hea t  losse s  (Fi g A a ) .  Th e  wal l  ha s  a  U -
valu e  o f  approximatel y 0. 6 reduce d t o  0. A whe n lo w emmissivit y  shadin g i s 
closed .  Ove r  a n entir e  season ,  however ,  th e  wal l  appear s  t o  hav e  a  ne t 
negativ e  U-valu e  a s  th e  sola r  gain s  out-weig h th e  losses . 

The  shadin g serve s  a  furthe r  purpos e  o f  preventin g overheatin g durin g 
period s  o f  hig h intensit y  couple d wit h hig h ambien t  temperature s  (Fi g Ab) . 
Suc h condition s  ar e  mos t  likel y t o  occu r  durin g sprin g an d autum n whe n th e 
su n i s  lo w i n th e  sky ,  vertica l  insolatio n reache s  a  maximu m an d reflectio n 
losse s  fro m th e  cove r  glas s  ar e  minimise d (se e  Fi g 5 ) .  Wit h a  hig h year -
roun d heatin g load ,  closel y matchin g th e  academi c  yea r  (Fi g 5a )  th e  sola r 
fractio n o f  suc h a  wal l  i n  Glasgo w shoul d b e  high . 

CONSERVATIO N AND PASSIVE DESIGN 

The  us e  o f  transparen t  insulatio n fo r  spac e  heatin g i s  mos t  applicabl e 
wher e  a  hig h standar d o f  energ y conservatio n an d passiv e  desig n ha s  alread y 
bee n adopted .  Th e  Strathclyd e  residence s  utilis e  a  wid e  numbe r  o f 
conservatio n measure s  an d passiv e  sola r  features . 

Insulation .  Th e  building s  ar e  insulate d t o  a  leve l  muc h highe r  tha n 
currentl y  specifie d i n  U K buildin g regulations .  Oute r  wall s  hav e  150m m o f 
rockwoo l  insulatio n sandwiche d betwee n a  dens e  blockwor k inne r  lea f  an d a 
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Stair-wel l  Opaquel y Insulate d Wall s 

Stud y Bedroom s  TI M 

Fi g 3 : Pla n o f  building ,  showin g locatio n o f  TI M wal l 
element s 

( A) 
< B> 

F i g 4 :  (A )  N i g h t  -  s h a d i n g r e d u c e s  h e a t 
l o s s ;  (B )  V e r y h o t  d a y -  s h a d i n g p r e v e n t s 
o v e r - h e a t i n g ;  (C )  N o r m a l  d a y -  h i g h 
t r a n s m i s s i v i t y ,  t o t a l  i n t e r n a l  r e f l e c t i o n s 
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bric k outer ,  givin g a  U-valu e  o f  approximatel y 0.22 .  Th e  roo f  an d groun d 
floo r  ar e  als o insulate d wit h 100m m glas s  fibr e  mattin g an d styrofoam . 

Window s  an d Blinds .  Al l  nort h facin g window s  ar e  smal l  an d tripl e  glazed . 
Some  section s  accommodat e  integra l  Venetia n blind s  betwee n a  seale d doubl e 
uni t  an d a  thir d pane ,  other s  ar e  seale d tripl e  units . 

Most  sout h facin g window s  ar e  doubl e  glaze d wit h a  lo w emmissivit y  coatin g 
o n th e  inne r  pane ,  whils t  th e  oute r  corne r  bedroom s  (se e  Fi g 3 )  wit h n o TI M 
benefi t  fro m tripl e  glazing .  Mounte d betwee n th e  pane s  ar e  automati c 
aluminise d rolle r  blinds ,  controlle d b y a  centra l  computer .  Th e  blind s  ar e 
lo w emmissivit y  coate d t o  reduc e  radiativ e  losse s  an d whe n close d the y als o 
reduc e  convectiv e  losse s  b y restrictin g movemen t  withi n th e  ai r  gap .  Th e 
occupant s  ca n over-rid e  th e  setting s  fo r  privac y an d t o  contro l  direc t 
sola r  gains . 

Ventilatio n an d Hea t  Recovery .  Extensiv e  draugh t  strippin g an d vapou r 
barrier s  reduc e  hea t  los s  throug h leakage ,  bu t  resul t  i n  stuff y room s  an d 
buil d  u p o f  pollutant s  an d condensation .  Controlle d ventilatio n i s  provide d 
i n  th e  bedroom s  throug h trickl e  vent s  an d openin g windows . 

I n  th e  commo n area s  a  mechanica l  ventilatio n syste m draw s  stal e  ai r  fro m 
th e  shower ,  toile t  an d kitchen .  Fres h ai r  fro m th e  nort h fac e  i s  supplie d 
t o  th e  commo n roo m an d hallwa y an d i s  pre-heate d b y th e  exhaus t  ai r  usin g a 
cross-flo w hea t  exchanger .  Th e  exchange r  ha s  a n efficienc y approachin g 70 2 
an d provide s  a  nomina l  0. 5  ai r  change s  pe r  hour ,  whic h i s  booste d b y 50 % 
durin g intensiv e  use ,  triggere d b y th e  shower/toile t  an d cooker . 

Construction .  I n  orde r  t o  retai n  th e  hea t  fro m casua l  an d fre e  gains ,  th e 
buildin g ha s  bee n constructe d primaril y  fro m hig h densit y  concrete .  Thi s 
"massive "  constructio n serve s  t o  leve l  ou t  temperatur e  swing s  an d s o help s 
maintai n a  comfortabl e  livin g environment . 

Lighting .  Compac t  fluorescen t  lighting ,  usin g 20-25 % o f  th e  powe r  o f 
incandescen t  source s  ar e  use d extensively .  I n  additio n t o  bein g economica l 
t o  install ,  the y hav e  th e  advantag e  o f  reducin g casua l  heatin g no t 
correlate d wit h demand . 

Auxiliar y Heating .  Modellin g o f  th e  buildings '  performanc e  (Abacus, 88) 
showe d tha t  i f  sever e  col d cloud y condition s  wer e  t o  prevail ,  comfor t  coul d 
be  maintaine d wit h 20 0 W auxiliar y heating .  Thi s  i s  provide d b y electrica l 
wal l  mounte d radian t  heaters .  Connecte d t o  th e  centra l  controller ,  the y ar e 
automaticall y  switche d of f  t o  preven t  over-heating . 

MONITORING 

The  building s  ar e  bein g monitored ,  ove r  a  perio d o f  tw o years ,  b y th e 
Energ y Studie s  Uni t  a t  Strathclyde .  I n  additio n t o  determinin g th e  overal l 
performance ,  selecte d area s  ar e  bein g studie d intensivel y i n  orde r  t o 
furthe r  th e  understandin g o f  th e  TI M wal l  an d it s  interactio n wit h th e 
othe r  desig n feature s  an d t o  determin e  occupan t  reactions . 

CONCLUSION 

Transparen t  insulatio n offer s  ne w possibilitie s  i n  passiv e  sola r  desig n fo r 
utilisin g availabl e  energ y fro m th e  sun ,  whils t  a t  th e  sam e  tim e 
maintainin g hig h level s  o f  comfort .  Th e  residence s  a t  Strathclyd e  se e  thi s 
technolog y takin g a  majo r  ste p toward s  commercia l  reality .  Th e  lesson s 
learn t  fro m thi s  projec t  wil l  hav e  a  majo r  influenc e  upo n th e  futur e  pat h 
o f  TIM . 



77 

REFERENCES 

Abacu s  Simulation s  Ltd ,  Repor t  t o  Kaise r  Bautechnik ,  "Hall s  o f  Residence ,  Phas e  II" ,  1988 . 

Bol l  in ,  E. ,  "Newl y Buil t  Tw o Famil y Hous e  wit h Transparen t  Insulatio n i n  Freiburg" ,  Proc .  o f  th e  3r d 
Worksho p o n  Transparen t  Insulatio n Technolog y fo r  Sola r  Energ y Conversion ,  1989 . 

Edwards ,  B. ,  "Dayligh t  •  Su n =  Benig n Energy" ,  Interface ,  Issu e  4 ,  Universit y o f  Strathclyde . 

Johnson ,  K. ,  " A Transparentl y  Insulate d Terrace d Hous e  i n  th e  UK" ,  Pro c  o f  3r d Worksho p o n Transparen t 
Insulatio n Technolog y fo r  Sola r  Energ y Conversion ,  1989 . 

•Transparen t  Insulatio n Technolog y fo r  Sola r  Energ y Conversion" ,  Fraunhofn r  Institu t  fu r  Solar e 
Energiesysteme ,  Freiburg ,  FRG ,  1989 . 

A: DEGREE DAYS 
MBMTMiy ME4N TOTALS 

BOO ç 

Â: HORIZONTA L INSOLATIO N 
UDWTMIY mu m Tom s 

ÅÐ OPfu e  homzokm .  S 3 ombc t  nomionv l 

C: HORIZONTA L & VERTICAL INSOLATIO N 

O OLOSM.  NOWIONM. 

Fi g 5 :  Typica l  climati c  dat a  fo r  th e  Glasgo w are a  (55.9N , 
4.5W )  (Source :  Me t  Office ,  Europea n Sola r  Atlas ) 



PASSIV E SOLA R DESIG N O F A  MONTESSORI  PRIMAR Y SCHOOL 
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ABSTRACT 

Halcro w Gilber t  Associate s  wer e  requeste d t o  provid e  energ y desig n advic e  a t 
th e  pos t  outlin e  plannin g stag e  fo r  a  ne w Montessor i  Schoo l  i n  Berkshire , 
England .  Th e  pape r  describe s  th e  desig n change s  whic h wer e  adopte d i n  orde r 
t o  achiev e  bot h importan t  energ y saving s  an d a  dramati c  improvemen t  i n  th e 
school' s  interna l  environment . 

Th e  mai n passiv e  sola r  feature s  incorporate d int o th e  desig n fo r  th e  schoo l 
wer e  a  doubl e  store y atriu m communa l  area ,  rooflight s  t o  enhanc e  th e 
daylightin g o f  th e  classroom s  an d a  ridg e  ventilato r  drive n natura l 
ventilatio n scheme .  Th e  objectiv e  wa s  t o  realis e  wel l  dayli t  classroom s 
whils t  keepin g heatin g cost s  lo w an d minimisin g th e  risk s  o f  summertim e 
overheating .  Measure s  t o  preven t  overheatin g include d eav e  overhangs , 
blind s  unde r  th e  south-facin g roo f  glazin g an d nighttim e  ventilation . 

Th e  pape r  show s  ho w a  rang e  o f  desig n tool s  wer e  use d t o  identif y  th e  impac t 
of  eac h desig n chang e  o n energ y consumption s  an d environmenta l  conditions . 
Th e  pape r  demonstrate s  th e  benefit s  o f  sophisticated ,  ye t  flexibl e  an d 
fast-response ,  desig n tool s  whic h enabl e  thei r  user s  t o  mee t  th e  ver y shor t 
deadline s  o f  a  rea l  buildin g project . 

KEYWORDS 

Passiv e  solar ,  natura l  ventilation ,  daylight ,  atrium ,  desig n tool s 

INTRODUCTION 

Backgroun d 

Montessor i  i s  a n educationa l  metho d founde d b y a n Italia n nu n abou t  10 0 
year s  ag o whic h encourage s  childre n t o  lear n b y exploratio n an d discovery . 
Th e  school s  hav e  a  plethor a  o f  equipmen t  an d teachin g aids ,  an d i n  thi s  cas e 
a  far m environment ,  al l  s o  tha t  th e  childre n ca n lear n b y direc t 
experience .  Th e  instigator s  o f  thi s  schoo l  projec t  fel t  tha t  th e  mean s  o f 
providin g th e  childrens '  therma l  comfor t  shoul d als o b e  a n integra l  par t  o f 
thei r  education .  Furthermore ,  the y fel t  tha t  a  climate-responsiv e  energ y 
consciou s  desig n woul d b e  th e  mos t  appropriat e  approach ,  wit h th e  childre n 
takin g a n activ e  rol e  i n  controllin g thei r  environment . 
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Integrate d Desig n 

Th e  ke y t o  climate-responsiv e  energy-consciou s  desig n i s  a n integrate d 
approach .  Th e  objective s  ar e  comfor t  (thermal ,  visual ,  acoustic ,  ai r 
qualit y  etc. )  an d amenit y (functio n an d value) ;  th e  mean s  ar e  a  combinatio n 
of  climate-modifyin g fabri c  an d energy-drive n buildin g services .  A n 
integrate d desig n approac h shoul d resul t  i n  a  highl y satisfactor y buildin g 
environmen t  achieve d wit h th e  lowes t  possibl e  energ y consumptio n consisten t 
wit h a  competitiv e  capita l  cost . 

I n  a n idea l  situation ,  th e  member s  o f  a  desig n tea m woul d wor k togethe r  fro m 
th e  inceptio n stag e  t o  produc e  a  full y  integrate d design .  I n  thi s  example , 
HGA di d no t  becom e  involve d unti l  afte r  th e  outlin e  schem e  ha d bee n 
developed .  However ,  a n initia l  appraisa l  o f  th e  schem e  desig n showe d tha t 
th e  architect' s  approac h t o  th e  buildin g form ,  orientatio n an d sitin g wa s 
basicall y  sound .  Durin g a  thre e  wee k perio d o f  clos e  co-operation ,  th e 
desig n wa s  develope d usin g buildin g simulatio n softwar e  an d a  rang e  o f  othe r 
desig n tool s  t o  asses s  dayligh t  availabilit y  an d natura l  ventilatio n ai r 
flows . 

Thi s  exampl e  o f  integrate d desig n i n  practic e  demonstrate s  ho w a  responsiv e 
energ y advic e  servic e  ca n assis t  th e  developmen t  o f  a  lo w energ y desig n 
withi n th e  typicall y  tigh t  tim e  constraint s  o f  a  liv e  project . 

BUILDIN G FUNCTION ,  FOR M AN D ORIENTATIO N 

Th e  schoo l  i s  site d nea r  th e  botto m o f  a  shallo w valle y an d i s  t o  som e 
exten t  protecte d fro m th e  sout h westerl y  prevailin g wind s  b y a n existin g 
hedge .  Shelter-bel t  tre e  plantin g i s  planne d t o  th e  nort h o f  th e  schoo l 
building ,  and ,  furthe r  awa y t o  th e  eas t  an d west . 

Th e  schoo l  provide s  tw o classrooms ,  eac h o f  100m 2,  plu s  a  communa l  pla y are a 
o f  55m 2,  fo r  u p t o  6 0 primar y ag e  childre n wit h abou t  5  teachers .  Ancillar y 
space s  includ e  toilets ,  a  kitchen ,  offices ,  extensiv e  storag e  area s  (fo r  al l 
th e  equipment )  an d a  staf f  room .  Th e  schoo l  i s  designe d t o  enabl e  a  100 % 
extensio n t o  b e  adde d i n  th e  nea r  future . 

Th e  desig n ha s  a n essentiall y  rectangula r  pla n form ,  orientate d alon g th e 
north-sout h axi s  (se e  Fig .  1 ) .  Th e  extensio n i s  planne d t o  b e  buil t  ont o 
th e  east-facin g elevation ,  whic h i s  therefor e  minimall y glazed .  Th e 
receptio n area ,  headteacher' s  offic e  an d staf f  roo m ar e  o n th e  wes t  side . 
Th e  tw o classroom s  hav e  nort h an d sout h facin g aspect s  respectivel y an d ar e 
linke d b y a  larg e  communa l  are a  unde r  a  fully-glaze d atriu m roof .  Th e 
buildin g for m an d orientatio n deliberatel y minimis e  th e  are a  o f  eas t  o r  wes t 
facin g classrooms ,  i n  whic h direc t  sola r  gai n an d glar e  i s  les s  easil y 
controllable . 

Fi g 1. Th e  Montessor i  Schoo l  pla n 
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Th e  buildin g i s  predominantl y  singl e  storey ,  wit h onl y storag e  spac e  bein g 
provide d a t  firs t  floo r  leve l  unde r  th e  pitche d roof .  Th e  atriu m i s  a  ful l 
tw o store y heigh t  an d shoul d provid e  a  delightfull y  ligh t  an d air y space . 

Althoug h th e  overal l  buildin g dept h i s  approximatel y 24m ,  eac h classroo m i s 
effectivel y onl y 7.5 m dee p a s  eac h i s  li t  an d ventilate d vi a  th e  centra l 
atriu m a s  wel l  a s  directl y  throug h th e  externa l  fabric . 

BUILDIN G FABRI C 

Glaze d Aperture s 

Th e  desig n aim s  t o  enabl e  al l  schoo l  activitie s  t o  b e  carrie d ou t  i n  a 
naturall y  ventilated ,  dayli t  environment ,  fo r  th e  majorit y  o f  th e  yea r  (se e 
Fig .  2 ) . 

Fig .  2 .  Sectio n showin g som e  o f  th e  passiv e  sola r  element s 

I t  i s  certainl y mor e  pleasan t  fo r  childre n t o  perfor m thei r  task s  unde r 
dayligh t  rathe r  tha n artificia l  light ,  providin g tha t  glare ,  overheatin g an d 
therma l  discomfor t  ca n b e  avoided .  Th e  desig n endeavour s  t o  achiev e  a  hig h 
utilisatio n o f  dayligh t  throug h th e  specificatio n o f  larg e  windo w area s  an d 
th e  us e  o f  rooflight s  adjacen t  t o  th e  interna l  walls .  Th e  potentia l  fo r 
glar e  o r  overheatin g problem s  i s  combate d b y minimisin g eas t  an d wes t  facin g 
orientation s  an d b y th e  us e  o f  appropriat e  interna l  an d externa l  shadin g 
devices .  Th e  window s  ar e  doubl e  glaze d t o  reduc e  hea t  loss ;  a  lo w 
emissivit y  coatin g i s  specifie d fo r  th e  nort h facin g window s  t o  improv e  th e 
therma l  comfor t  fo r  nearb y occupants ;  th e  rooflight s  ar e  singl e  glaze d t o 
maximis e  dayligh t  transmission . 

Optimisatio n o f  th e  locatio n an d are a  o f  th e  classroo m glazin g fo r 
daylightin g purpose s  wa s  undertake n usin g a  point-to-poin t  dayligh t  facto r 
calculatio n progra m calle d DAYLIGHT.  Dayligh t  facto r  contour s  i n  a 
classroo m fo r  th e  fina l  desig n configuratio n ar e  show n i n Fig .  3 .  Th e 
averag e  an d minimu m dayligh t  factor s  a t  a  workin g plan e  heigh t  o f  0.5 m ar e 
5% an d 2 % respectively . 

_ V/á  1 1 Ú 

Fig .  3 .  Dayligh t  facto r  contour s  i n  th e  sout h facin g classroo m 
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The  shadin g o f  sout h facin g window s  take s  th e  for m o f  a  0.85 m overhan g abov e 
th e  windo w whic h shoul d limi t  th e  direc t  hig h angl e  sola r  radiatio n inciden t 
on occupant s  sittin g nea r  t o  th e  windows ,  a  majo r  potentia l  caus e  o f 
overheatin g an d glar e  discomfort .  Th e  sout h facin g rooflight s  ar e  shade d b y 
manuall y  operate d sail-lik e  interna l  blind s  mad e  o f  a  translucen t  material . 

Th e  communa l  area ,  situate d o n th e  shorte r  axi s  o f  th e  plan ,  ha s  a  full y 
glaze d roo f  o f  tripl e  ski n polycarbonate ,  whic h produce s  a n averag e  dayligh t 
facto r  i n  thi s  spac e  o f  22% .  Thi s  mean s  tha t  electri c  lightin g i s  necessar y 
fo r  onl y 3 4 o f  th e  schoo l  workin g hour s  throughou t  th e  year .  Th e  sout h 
facin g roo f  glazin g i s  als o shade d b y manuall y  operate d blinds .  Th e 
partition s  a t  hig h leve l  betwee n th e  classroom s  an d th e  atriu m compris e 
fixe d glazin g an d permanen t  ventilatio n louvres .  Th e  glazin g wil l  serv e  t o 
introduc e  som e  shaft s  o f  sunligh t  int o th e  nort h classroom . 

Opaqu e  Fabri c 

Insulation .  Th e  buildin g i s  insulate d t o  bette r  tha n th e  requirement s  o f 
th e  199 0 amendmen t  t o  th e  Buildin g Regulations .  Th e  oute r  edge s  o f  th e 
floo r  raf t  ar e  insulated ,  bu t  th e  floo r  i s  lef t  uninsulate d t o  increas e  th e 
expose d therma l  mass .  Th e  *U '  value s  o f  th e  variou s  buildin g component s  an d 
thei r  contributio n t o  th e  buildin g hea t  los s  ar e  give n i n  Tabl e  1 . 

Therma l  Mass .  Th e  timber-fram e  structur e  i s  relativel y lightweight ,  bu t  th e 
groun d floo r  sla b make s  th e  buildin g behav e  a s  a  medium-weigh t  structure . 
Internal ,  bloc k partition s  consolidat e  thi s  process . 

Sealing .  Th e  compac t  for m produce s  a  reasonabl y lo w externa l  t o  floo r  are a 
ratio ,  which ,  wit h carefu l  detailin g an d th e  us e  o f  hig h performanc e 
air/vapou r  barriers ,  shoul d constrai n ai r  leakag e  t o  a  lo w level .  Manuall y 
operate d damper s  ar e  provide d t o  sea l  th e  ridg e  ventilator s  whe n the y ar e 
no t  needed .  Similarly ,  i t  i s  intende d tha t  th e  trickl e  ventilator s  i n  th e 
classroo m window s  ar e  close d outsid e  th e  occupanc y perio d i n  winter . 

Tabl e  1 .  Path s  o f  buildin g hea t  los s 

Buildin g Elemen t •I T Valu e Are a Hea t  los s % o f  tota l Buildin g Elemen t 
W / m2K m* W/K hea t  los s 

Wall s .3 3 30 7 10 1 10 % 
Opaqu e  roo f .3 3 33 4 11 0 11 % 
Groun d .3 8 34 6 13 1 13 % 
DG Window s 2.8 0 65 18 2 19 % 
Lo w e  D G window s 1.90 17 32 3% 
SG Rooflight s 5.7 0 6 3 4 4 % 
3 wal l  polycarbonat e 2.4 0 

4 23 
10 1 10 % 

Infiltratio n Vol=1300m J 28 3 29 % 

Total s 111 7 97 5 100 % 

Tota l  pe r  m a GF A .8 7 

Opening s  Fo r  Ventilatio n 

Th e  ventilatio n strateg y i s  designe d t o  cop e  wit h th e  variou s  potentia l 
ambien t  conditions .  I n  winter ,  durin g th e  occupanc y period ,  th e  require d 
suppl y o f  fres h ai r  i s  obtaine d throug h th e  larg e  trickl e  ventilator s  o n th e 
classroo m windows .  Stale ,  war m ai r  flow s  ou t  o f  th e  classroo m a t  hig h leve l 
throug h permanentl y  ope n glaze d louvr e  partition s  int o th e  atriu m space ,  an d 
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leave s  th e  buildin g vi a  louvre s  i n  th e  atriu m ridg e  (se e  Fig .  2 ) .  Outsid e 
occupanc y i n  winter ,  th e  trickl e  ventilator s  ar e  close d an d th e  ridg e 
ventilato r  i s  seale d b y manuall y  operate d dampers .  I n  war m outsid e 
conditions ,  th e  occupant s  ca n ope n window s  t o  enhanc e  th e  win d pressur e  o r 
th e  stack-drive n natura l  ventilatio n ai r  flo w rate .  Durin g ho t  weather ,  th e 
buildin g ca n b e  coole d dow n b y ventilatio n a t  nigh t  withou t  jeopardisin g 
security ,  b y openin g th e  windo w trickl e  ventilator s  an d ridg e  louvres . 

Th e  intentiona l  emphasi s  o n manua l  contro l  i s  a n integra l  par t  o f  th e 
philosoph y whereb y th e  schoo l  childre n tak e  responsibilit y  fo r  correc t  usag e 
of  control s  s o tha t  the y lear n b y experienc e  ho w an d wh y th e  system s  work . 

BUILDIN G SERVICE S 

Heatin g 

Spac e  heatin g i s  b y lph w perimete r  radiator s  fe d fro m a  37k W oil-fire d 
boiler .  Thes e  provid e  a  mean s  o f  heatin g th e  incomin g ventilatio n ai r  an d 
of  combatin g discomfor t  du e  t o  downdraught s  fro m th e  glazin g i n  winter .  Th e 
heatin g syste m control s  includ e  thermostati c  radiato r  valves ,  optimu m 
start/of f  an d externa l  compensatio n o f  flo w temperature . 

Electri c  Lightin g 

A conventiona l  fluorescen t  lightin g installatio n usin g T 8 tube s  i s  provide d 
t o  giv e  a  workin g plan e  illuminanc e  o f  30 0 lux .  Th e  luminaire s  i n  th e 
classroo m ar e  arrange d i n  bank s  paralle l  t o  th e  mai n windows .  On e  clearl y 
designate d switc h i s  provide d fo r  eac h ban k t o  enabl e  eas y manua l  contro l  o f 
th e  light s  i n  respons e  t o  dayligh t  availability .  Th e  switche s  a t  th e 
classroo m entranc e  ar e  locate d beneat h a  roofligh t  whic h shoul d encourag e 
peopl e  enterin g th e  classroo m no t  t o  switc h o n th e  light s  unnecessarily . 

I t  i s  envisage d tha t  th e  schoo l  childre n wil l  b e  give n responsibilit y  fo r 
th e  monitorin g an d contro l  o f  lightin g usage .  Thi s  migh t  includ e  readin g 
th e  electricit y  mete r  an d analysin g th e  data . 

Mechanica l  Ventilatio n 

Extrac t  ventilatio n i s  provide d t o  th e  WCs  an d interna l  rooms .  Th e 
operatio n o f  th e  fan s  i s  controlle d b y occupanc y detectors . 

PREDICTED PERFORMANCE 

Th e  energ y consumptio n o f  th e  buildin g wa s  predicte d usin g a n hou r  b y hou r 
annua l  simulatio n compute r  progra m calle d SERI-RES .  Th e  ke y output s  i n  thi s 
stud y wer e  heatin g demand ,  electri c  lightin g usag e  an d hourl y zon e 
temperature s  whic h indicat e  th e  degre e  o f  summertim e  overheating .  Th e 
prediction s  fo r  energ y consumptio n dat a  ar e  summarise d i n  Tabl e  2 . 

Tabl e  2 .  Predicte d annua l  energ y consumption s  an d cost s 

End us e Pric e Consumptio n Cos t Consumptio n Cos t 
p/kW h kWh/y r £/y r kWh/m^y r £/m 2y r 

Heatin g (oil ) 1.1 4 3364 0 38 4 97 1.1 1 
Lightin g (electricity ) 6.5 9 216 0 14 2 6 .4 1 

Total s 3580 0 52 7 10 3 1.5 2 
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Lighting ;  Electri c  lightin g consumptio n i s  predicte d t o  b e  6  kWh/m 2; 
daylightin g provide s  52 % o f  th e  tota l  lightin g deman d whic h woul d resul t  i f 
ther e  wer e  permanen t  electri c  lightin g durin g th e  occupie d hours . 

Heating :  Heatin g deman d i s  predicte d t o  b e  68kWh/m 2,  requirin g 97kWh/m 2 o f 
oi l  consumption ,  assumin g a  heatin g seaso n mea n boile r  efficienc y o f  70% . 
Th e  Energ y Efficienc y Offic e  (EEO )  performanc e  yardstic k fo r  school s  o f  thi s 
typ e  set s  th e  uppe r  limi t  fo r  th e  'good '  categor y a t  100kWh/m 2y r  fo r  spac e 
heatin g fue l  consumption ,  whils t  'poor '  performanc e  i s  abov e  135kWh/m 2y r  fo r 
spac e  heating .  Whils t  comparin g modelle d dat a  wit h measure d dat a  i s  fraugh t 
wit h problems ,  thes e  guideline s  indicat e  tha t  goo d daylightin g performanc e 
ha s  no t  bee n bough t  a t  th e  expens e  o f  a  larg e  heatin g bill . 

Energ y Costs ;  Th e  pric e  o f  oi l  i s  take n a s  12p/litr e  an d o f  electricit y 
6.59p/kWh .  Heatin g an d lightin g contribut e  73 % an d 27 % respectivel y t o 
thei r  tota l  cost s  o f  £1.52/m 2yr . 

Overheating ;  Th e  tw o zone s  o f  th e  schoo l  whic h migh t  hav e  a  tendenc y t o 
overhea t  i n  ho t  weathe r  ar e  th e  sout h facin g classroo m an d th e  atriu m 
communa l  area .  Th e  degre e  o f  overheatin g wa s  assesse d b y countin g th e 
numbe r  o f  occupie d hour s  pe r  yea r  tha t  th e  temperatur e  o f  eac h zon e  wa s 
abov e  27°C . 

Fo r  th e  fina l  design ,  wit h blind s  an d nighttim e  ventilatio n i n  operation , 
th e  atriu m i s  predicte d t o  hav e  jus t  1 6 hours/yea r  ove r  27° C an d th e  sout h 
facin g classroo m onl y 3  hours/year . 

Sensitivit y  Studies :  A  wid e  rang e  o f  sensitivit y  studie s  wer e  performe d 
bot h t o  refin e  th e  desig n an d tes t  th e  robustnes s  o f  th e  desig n t o  variou s 
uncertai n parameters .  Th e  result s  ar e  summarise d i n  Tabl e  3 . 

CONCLUSIONS 

1.  Integrate d desig n o f  a  buildin g aim s  t o  achiev e  a n optimu m balanc e 
betwee n capita l  cost ,  energ y runnin g cost s  an d environmenta l  conditions . 
Desig n tool s  suc h a s  dynami c  simulatio n an d dayligh t  facto r  calculatio n 
softwar e  hav e  enable d alternativ e  desig n option s  fo r  a  Montessor i  Schoo l  t o 
b e  evaluate d o n a  timescal e  compatibl e  wit h th e  shor t  deadline s  o f  a  rea l 
buildin g project . 

2 .  Wit h th e  ai d o f  appropriat e  desig n tools ,  th e  judicia l  sizin g an d 
locatio n o f  th e  glazin g aperture s  wa s  achieved .  Throug h th e  us e  o f 
daylighting ,  th e  predicte d lightin g bil l  fo r  th e  schoo l  ha s  bee n halved , 
whils t  maintainin g a  lo w heatin g deman d an d avoidin g excessiv e  summertim e 
temperatures . 

3 .  Overheatin g ha s  bee n avoide d b y a  combinatio n o f  shadin g devices ,  stac k 
o r  win d drive n through-ventilatio n an d th e  us e  o f  nighttim e  ventilation . 

4 .  Contro l  o f  th e  buildin g environmen t  an d service s  relie s  t o  som e  exten t 
on th e  occupants .  Thi s  ha s  bee n don e  partl y  ou t  o f  a  belie f  i n  a  preferenc e 
fo r  manua l  contro l  an d partl y  t o  allo w th e  schoo l  childre n t o  lear n abou t 
energ y an d building s  throug h participation .  Minimu m fue l  bill s  wil l  onl y b e 
achieve d i f  a  carefu l  monitorin g an d contro l  programm e  fo r  th e  buildin g 
operatio n i s  instigate d an d maintained . 
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Tabl e  3 .  Summar y o f  sensitivit y  studie s  o f  energ y an d 
environmenta l  performanc e  prediction s 

1 

j SENSITIVIT Y STUD Y 

EFFECT O N AVE . 

DAYLIGHT FACTOR 

EFFECT O N 

ANNUAL LIGHTIN G 

EFFECT O N 

OVERHEATING 

I 
EFFECT O N ANNUAL | 

HEATING CONSUMPTION! 

|Reduc e  th e  atriu m roo f  ligh t 

|fro m 3.2 m t o 1.6 m 

Down b y 3 8 % Up b y 6  kWh/y r I n  atriu m dow n fro m 

83 0 t o  47 4 hrs/y r 

Down b y 163 0 kWh/yr j 

(abou t  5% )  | 

|Reduc e  th e  atriu m roo f  ligh t 

|fro m 3.2 m t o 1 m 

Down b y 5 7 % ***** I n atriu m dow n fro m 

83 0 t o  17 3 hrs/y r 

Down b y 227 0 kWh/yr j 

(abou t  7% )  j 

|Reduc e  nort h classroo m window s Down b y 16 % i n 

nort h classroo m 

***** Non e * * * ** I 

|Us e  kappafloa t  doubl e  glazin g 

|i n  nort h classroo m window s 

***** ***** Non e Down b y 47 0 kWh/y r  j 

(abou t  1.4% )  j 

| A d d on e  roo f  ligh t  t o  eac h 

|classroo m (0.5mx14m ) 

Up b y 5 0 % i n 

eac h classroo m 

Down 20 6 kWh/y r 

(abou t  10% ) 

I n Sout h classroo m u p 

fro m 4 2 t o  6 0 hrs/y r 

No chang e  | 

|Replac e  th e  singl e  roo f  ligh t 

|wit h  8 tw o ski n GR P roo f  light s 

(eac h 800x80 0 m m dayligh t  are a 

Down b y 8 % ***** ***** * * * ** I 

|Replac e  th e  singl e  roo f  ligh t 

|wit h  4  D.G .  glas s  roo f  light s 

|eac h 560x86 5 m m dayligh t  are a 

Down b y 2 5 % ***** ***** * * * ** I 

|Replac e  th e  4  D.G .  b y 

| 4  S.G .  glas s  rooflight s 

Up b y 3 % ***** ***** 
. . . .. é 

|Us e  5  S.G .  glas s  rooflight s 

|instea d o f  4  S.G .  rooflight s 

Up b y 8 % Down 1 3 kWh/y r 

(abou t  0.6% ) 

I n Sout h classroo m u p 

fro m 6 0 t o  6 3 hrs/y r 

Up b y 14 0 kWh/y r  j 

(abou t  0.4% )  j 

|Increas e  th e  overhan g fro m 

|0.3 m t o 0.85 m 

Down b y 10 % i n 

eac h classroo m 

***** I n Sout h classr m dow n 

fro m 5 2 t o  2 6 hrs/y r 

Up b y 8 0 kWh/y r  j 

(abou t  0.2% )  I 

|Appl y blind s  t o  rooflight s N/ A No chang e I n Sout h classr m dow n 

fro m 2 6 t o  9  hrs/y r 

I n  atriu m dow n fro m 

47 4 t o  17 9 hrs/y r 

N/ A j 

|Emplo y nigh t  ventilatio n N/ A No chang e I n Sout h classr m dow n 

fro m 2 6 t o  3  hrs/y r 

I n  atriu m dow n fro m 

47 4 t o  8 9 hrs/y r 

N/ A j 

|Appl y blind s  t o  rooflight s  an d 

|emplo y nigh t  ventilatio n 

N/ A No chang e I n Sout h classr m dow n 

fro m 2 6 t o  3  hrs/y r 

I n  atriu m dow n fro m 

47 4 t o  1 6 hrs/y r 

N/ A j 

IDHW fro m oi l  boile r  o r  on-pea k 

|electricit y 

N/ A N/ A N/ A Wit h oil :  £180/yr | 

Wit h e l e c :  £450/yr j 

I 
**** * = Ef f e ct n ot predicte d 

N/ A =  No t  Applicabl e 

Underline d tex t  denote s  paramete r  i s  a s  fixe d i n  th e  fina l  desig n 
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ABSTRAC T 

Growt h in the use of glass in building s has had significan t implication s on its energ y consumptio n and on plan t 
and equipmen t used to contro l conditions . Thi s has led to the developmen t of advance d glazing systems with a 
rang e of tailore d properties . Ther e has been a correspondin g need for  accurat e characterisatio n of these glazin g 
systems . 

Ther e hav e been numerou s studie s internationall y in thi s area , the earlies t of thes e going back to the 1940's . 
SOLARCH : the Solar  Architectur e Researc h Unit of the Universit y of New South Wale s has been involved in 
therma l performanc e evaluatio n studie s since the earl y 1970's . Havin g buil t and operate d Passiv e Solar  Test Cells 
and othe r  laborator y base d equipmen t it ha s now buil t a field mode l solar  calorimeter . Th e calorimete r  is 
particularl y suited for  heat gain environment s for  genera l Australia n conditions . Heat loss studie s ar e undertake n 
using indoor  controlle d conditio n chambers . 

Thi s pape r  discusse s the facilit y and the method s in use for  therma l performanc e characterisatio n of buildin g 
envelop e systems . It also report s on some earl y validatio n studie s agains t othe r  theoretica l and experimenta l 
method s in use. 

KEYWORD S 

Glass , Solar  Heat Gain , Characterisation , Solar  Calorimeter , Field Testin g 

INTRODUCTION 

The need to design energ y efficient building s has been highlighte d by a numbe r  of studies . In tryin g to achiev e 
thi s aim th e designe r  place s a grea t relianc e on th e therma l and optica l inpu t dat a availabl e on componen t 
performanc e in orde r  to assess the suitabilit y of variou s alternatives . 

Comprehensivel y develope d model s for  calculatin g buildin g heatin g and cooling loads can only be as good as the 
inpu t dat a availabl e on the components . It is well establishe d tha t the erro r  associate d with the characterisatio n of 
buildin g component s can be significan t The absenc e of unifor m standar d method s for  characterisin g some of the 
buildin g component s can caus e furthe r  confusion . 

A lot ha s been documente d abou t the conductiv e heat transfe r  calculation s and test procedures . Studie s interna -
tionall y (Erhor n et al , 1987 IE A Study ; Klems , JH , 1985, LBL Study ) hav e reveale d the shortfall s in test 
procedures , especiall y the orde r  of difference s in value s obtaine d by using the differen t procedures . Difference s 
due to the choice of standar d test condition s and temperatur e and wind prob e location s itself can cause significan t 
erro r  in U-valu e measurements . 

Berma n et al (1975) pointe d out tha t seasona l energ y costs or  benefit s associate d with window s ar e substantiall y 
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affected by direc t solar  gains . Johnso n et al (1982) emphasise d tha t ther e is an optima l combinatio n of U-valu e 
and shadin g coefficient from the standpoin t of annua l energ y use. Thi s is certainl y tru e for  heat gain dominate d 
climate s such as most of Australia . Furthermore , the importanc e of daylightin g contributio n to energ y efficiency 
has led to detai l consideratio n being given to visua l transmittanc e and reflectance . 

A lot of these studie s have been based on theoretica l simulation s which mak e a numbe r  of assumption s abou t rea l 
time heat flow in buildings . Some of the basi c procedure s such as the ASHRA E heat transfe r  analysi s have been 
shown (McCabe , 1984; McCluney , 1984; Rubin , 1985) to have shortfalls . The growin g use of advance d glazin g 
system s an d th e inclusio n of novel shadin g system s ar e a furthe r  caus e of concer n du e to th e numbe r  of 
assumption s mad e regardin g the heat flow regim e aroun d these system s in use. Thei r  selective dynami c respons e 
(spectral , angula r  and other  sensitivit y to voltage , light or  heat ) is of particula r  concer n 

Thi s point s toward s the need for  a procedur e for  accurat e and reliabl e measuremen t unde r  realisti c conditions . 
Thi s pape r  report s on the field studie s at the SOLARCH : Solar  Architectur e Researc h Unit , Sydney , Australia . A 
field mode l calorimete r  is used to verify large r  sampl e propertie s agains t laborator y tested and theoretica l results . 

FIEL D TESTIN G 

Two key method s of field assessmen t of therma l and optica l performanc e of glazing system s have been : 

* comparativ e assessment s using passiv e test cells. 

* quantitativ e (absolute ) measurement s using calorimeters . 

The forme r  have been full size insulate d direc t gain room s in parallel , with a contro l room and one or  mor e test 
rooms . The inside have largel y been unconditione d and a comparativ e strateg y has been devised for  componen t 
characterisation . Moor e (1982) summarise d in detai l the America n use of thi s procedure . PASSYS progra m is 
currentl y finetuning  an advance d adaptatio n of this procedur e for  its test program . 

At SOLARC H we starte d using this techniqu e in 1979. In a heat gain dominate d climat e the inside temperature s 
in free runnin g cells ris e to aroun d 45°C abov e ambient . Due to the facilit y dependen t natur e of such cells it is 
difficul t to quantif y all the effects. The use of interna l shadin g devices tend s to affect the convectiv e behavio r  near 
the glass surfac e (Smart , 1987). 

The use of field solar  calorimeter s dat e back to 1945 when ASHRA E buil t their  version in Florid a (Parmale e et al, 
1945). Thi s resulte d in a lot of usefu l design informatio n for  simpl e systems . Since the 1970' s and with the 
marke d growt h in the use of glass in buildings , other s hav e been buil t to varyin g levels of complexit y (NBS, 
McCabe , 1984; U.A., Yellot, 1965; MOWiTT , Klems , 1985; FSEC , 1986; NRCC , Barakat , 1982; U.W., Harrison , 
1989; and other s in Europe) . These have adde d to the knowledg e on field testin g but unfortunatel y most ar e not in 
operation . A lot still remain s to be researched . 

The basic principl e in all these has been the detai l accountin g of heat balance s between tha t gained throug h test 
interfac e and tha t collected by the absorben t resultin g in an increas e in its temperature . Th e inside/outsid e 
temperature s ar e kep t closely th e sam e to eliminat e conductiv e transfers . Buildin g on its pas t experienc e 
SOLARC H has buil t a calorimete r  for  field characterisatio n of buildin g component s in Australia . 

PERFORMANC E EVALUATIO N OF GLAZIN G SYSTEM S 

Figur e 1 in the appendi x illustrate s the calorimete r  and contro l systems employe d in the SOLARC H facility . The 
heat extractio n consist s of a primar y chiller  uni t with an intermediat e buffer  tan k between the calorimete r  and the 
chiller . A high flow rat e is maintaine d in the calorimete r  to ensur e a unifor m absorbe r  plat e temperature . 

The flow rate s in the absorbe r  cooling loop and the air  coil ar e automaticall y controlle d to maintai n the average 
absorbe r  temperatur e and averag e air  temperatur e to within a specified toleranc e of ambien t temperatur e (usuall y 
IK) . The heat extracte d from the absorbe r  is remove d by the heat exchange r  in the retur n line to the buffer  tan k or 
by direc t temperatur e contro l of the buffer  tan k from the chiller  tank . 
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All contro l operation s ar e determine d by a rea l time monitorin g and contro l progra m in an on-lin e computer . Th e 
primar y contro l functio n is to maintai n the averag e absorbe r  temperatur e and air  temperatur e within IK of ambien t 
temperature . A secondar y contro l functio n is to maintai n a minimu m temperatur e differenc e of 5K between the 
absorbe r  and air  coil inpu t and outpu t flow lines in orde r  to minimis e error s in therma l energ y evaluation . 

The primar y contro l function s ar e achieve d by automati c adjustmen t of the flow rate s in the absorbe r  and air  coil 
lines and by operato r  specificatio n of the temperature s of the buffer  tan k and chiller  tanks . Th e design point s for 
the buffe r  tan k and chiller  tan k ar e SK and 10K below ambien t respectively . Th e chiller  tan k temperatur e is 
specified by the user  in the setup dat a file and then maintaine d automaticall y by softwar e contro l of the chiller 
system compressor . A dead ban d of 2K (user  specified ) on the chiller  tan k should be used to minimis e compresso r 
cycling. 

The energ y flows into the absorbe r  plat e and the air  space of the calorimete r  ar e monitore d by measurin g the flow 
rat e and temperatur e chang e of the two water  cooling circuits . The energ y lost throug h the walls of the calorimete r 
and the energ y inpu t by the absorbe r  circulatin g pump , air  circulatin g fan and air  reheate r  ar e subtracte d from the 
tota l therma l energ y outpu t to give the net energ y transmitte d by th e windo w system . Th e on-lin e progra m 
average s all measurement s over  10 sec and display s the most recen t reading s on a mimic diagra m of the system. 
On e minut e average s of all parameter s ar e store d on a runnin g result s file. The runnin g result s may be viewed at 
any time by the operato r  or  displaye d graphically . 

USER INTERFAC E FO R CONTRO L AND DATA ANALYSI S 

The contro l progra m has been structure d so tha t the user  can specify all parameter s relevan t to the calibratio n of 
transducers , contro l function s and dat a recording . Th e main operatio n specificatio n file contain s all contro l 
functio n set point s and dat a stabilit y tolerances . Th e user  should edit thi s file to contro l the setup for  each test . 
The contro l stat e and graphica l dat a displa y function s availabl e to the user  are : 

1. Solar  calorimete r  - a mimi c diagra m of the system and contro l data . 

2. Absorbe r  plat e temperature s 
3. Absorbe r  water  temperatur e 
4. Absorbe r  air  temperatur e 
5. Buffer  and Chille r  tan k temperatur e 
6. Solar  radiatio n 
7. Solar  angle s 
8. Shad e coefficient 
9. Air  flow rate s 
10. Heat collected by absorbe r 
11. Heat collected by cooling coil 

The ru n time user  interfac e to the dat a displa y and contro l function s is via pul l down menu s on the screen . The 
pul l down menu structur e depend s on the displa y page the user  has selected . 

RESUL T FILE S 

Measurement s collected durin g a test ar e analyse d and store d at 3 levels. Th e minut e by minut e record s of all 
temperatures , flow rates , energ y flows and compute d transmissio n ar e store d in a file DD-MMM.TM P wher e 
DD= day of month ; MMM = mont h eg 04-MAY.TMP . The stabilit y of the calorimete r  operatio n |s over  interval s 
defined by the user . Each minut e all stabilit y tolerance s ar e evaluated . When a valid test perio d is observe d the 
measure d and compute d result s ar e writte n to file. A typica l graphica l result  file is shown in Figur e 2. 

CALORIMETE R CHAMBE R 

Figur e 3 shows a photograp h of the test facility in use. The test sampl e size is within the rang e 1.80m X 1.20m, 
inclusiv e of frame . The chambe r  can be manuall y aligned to all usabl e altitud e and azimut h combinations . It is on 
a mobil e chassi s for  transportability . 
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FIGUR E 3 A PHOTOGRAP H OF THE TEST FACILIT Y 

RESEARC H PROGRA M 

The  first  phas e  o f  th e  stud y currentl y  unde r  wa y i s  lookin g a t  tw o sample ,  a  3m m DS A referenc e  an d a  commonl y 
applie d 6m m tinte d glas s  (TS21) .  Th e  result s  hav e  bee n validate d usin g manua l  calculatio n procedure s  an d 
manufacturer s  specification .  Th e  correlatio n ha s  bee n accurat e  t o  94% .  Detai l  sensitivit y  test s  ar e  no w unde r  wa y 
t o  establis h facilit y  characteristic s  an d variabilit y  t o  ambien t  conditions .  Thi s  pape r  i s  therefor e  a  progres s  repor t 
on th e  overal l  testin g program .  Th e  facilit y  wil l  b e  use d t o  provid e  a  servic e  t o  th e  industr y an d b e  a n integra l  par t 
of  a  propose d standard s  developmen t  projec t  A n insid e  scannin g syste m wit h radiatio n an d photosensor s  i s  bein g 
mounte d fo r  furthe r  dat a  extraction . 

CONCLUSIO N 

The  nee d fo r  accurat e  field  measuremen t  o f  componen t  performanc e  i s  evident .  Th e  stud y o f  sola r  gain s  an d 
visua l  transmissio n throug h glazin g system s  i s  underwa y t o  provid e  furthe r  informatio n o n produc t  performance . 

Acknowledgement :  Thi s  projec t  wa s  supporte d b y th e  Nationa l  Energ y Researc h Developmen t  &  Demonstratio n 
Council ,  DoPIE ,  Canberra . 
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/ABSTRACT 

Th e  u t i l i s a t i o n o f  e v a p o r a t i v e  a i r  coo l in g i n  I s l ami c  a r c h i t e c t u r e 
i s  d i s c u s s e d i n  th i s  p a p e r .  Seve ra l  s y s t e m s  a r e  p r e s e n t e d fo r 
w h i c h d e s c r i p t i o n ,  o p e r a t i o n a l  m e t h o d an d c l i m a t i c  c o n d i t i o n s  ar e 
d i s c u s s e d .  Th e  sys t em s  w h i c h ar e  d i s c u s s e d i n  t h i s  p a p e r ;  the y a r e 
c o m p l e t e l y p a s s i v e .  Som e  o f  t h e m ar e  go in g t o  b e  compare d wi t h 
a c t i v e  c o o l i n g s y s t e m s .  I t  show s  tha t  som e  o f  th e  p a s s i v e  s y s t e m s 
ar e  m o r e  e f f i c i e n t  tha n th e  a c t i v e  o n e s .  The y a l w a y s  b l e n d w i t h th e 
n e e d s  an d th e  e n v i r o n m e n t . 

K E Y W O R DS 

F o u n t a i n ;  S a l s a ' b e e l ;  A ' c o o l ;  W i n d t o w e r ;  C o u r t y a r d h o u s e 

c o n c e p t . 

I n t r o d u c t i o n 

I s l ami c  a r c h i t e c t u r e  i m p l e m e n t e d e v a p o r a t i v e  a i r  c o o l i n g a s  on e  o f 
th e  p a s s i v e  c o o l i n g t e c h n i q u e s  u t i l i s e d i n  d i f f e r e n t  t y p e s  o f 
c l i m a t e s .  I t  w a s  m a i n l y u s e d i n  th e  h o t - a r i d  r e g i o n s  o f  tha t  p a r t 
o f  th e  w o r l d .  S e v e r a l  e v a p o r a t i v e  a i r  c o o l i n g t e c h n i q u e s  h a v e  b e e n 
use d a c c o r d i n g t o  th e  c l i m a t i c  c o n d i t i o n s  an d th e  a v a i l a b l e 
r e s o u r c e s . 

Some  o f  t h e s e  t e c h n i q u e s  ar e  p r e s e n t e d i n  th e  f o l l o w i n g d i s c u s s i o n . 
I t  i s  impor t an t  t o  no t i c e  tha t  a lmos t  al l  o f  th e  p r e s e n t e d 
e v a p o r a t i v e  c o o l i n g sys t em s  a r e  p a s s i v e  o n e s .  T h e s e  s y s t e m s  d o no t 
on l y w o r k e f f e c t i v e l y a s  c o o l i n g sys t em s  bu t  a l s o t a k e  in t o 
c o n s i d e r a t i o n t h e  a e s t h e t i c  appea l  o f  th e  l i v in g e n v i r o n m e n t . 

Th e  F o u n t a i n a s  a n E v a p o r a t i v e  A i r  C o o l e r 

F o u n t a i n (Nafor a  o r  F a s q u i a ,  i n  A r a b i c )  i s  a  v e r y e s s e n t i a l 
a r c h i t e c t u r a l  concep t  i n  th e  I s l ami c  a r c h i t e c t u r e .  Whe n w a t e r  i s 
s ca r ce ,  t a l k i n g abou t  h o t - a r i d  r e g i o n s ,  th e  foun t a i n i s  r e c o g n i s e d 
a s  a  v a l u a b l e  a r c h i t e c t u r a l  w o r k o f  g rea t  a e s t h e t i c  a p p e a l . 
M o r e o v e r  i t  w o r k s  a s  a n e v a p o r a t i v e  a i r  c o o l i n g sys tem ,  s p e c i a l l y 
whe n l o c a t e d i n  a  wa y o f  a n a i r  s t r ea m o r  a  w i n d p a s s a g e .  Th e 
la ten t  hea t  o f  w a t e r  e v a p o r a t i o n i s  ab so rbe d f ro m th e  p a s s i n g h o t -
dr y a i r  s t r eam .  Th e  p r o c e s s  i s  a n a d i a b a t i c  h u m i d i f i c a t i o n p r o c e s s 
i n  w h i c h pa r t  o f  th e  s ens ib l e  hea t  o f  th e  a i r  s t r ea m i s  t r a n s f e r r e d 
t o  l a ten t  h e a t .  T h e r e f o r e  th e  s ens ib l e  hea t  o f  th e  a i r  s t r ea m 
d e c r e a s e s  an d it s  D B T d e c r e a s e s ,  w h i l e  o n th e  c o n t r a r y i t s  la ten t 
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hea t  i n c r e a s e s .  D u e  t o  t h i s  fac t  t h e  foun t a i n i s  u s e d i n  b o t h th e 
t r a d i t i o n a l  an d th e  c o n t e m p o r a r y I s l ami c  a r c h i t e c t u r e  a s  a  p a s s i v e 
c o o l i n g s y s t e m o r  p a r t  o f  a  c o m p l e x p a s s i v e  c o o l i n g s y s t e m suc h a s 
i n  t h e  m i d d l e  o f  a  c o u r t y a r d h o u s e ,  i n  th e  ex i t  a i r  f ro m a  w i n d 
t o w e r  o r  l o c a t e d i n  a n a i r  s t r e a m p a s s a g e  i n s id e  a  l i v in g roo m a s 
show n i n F i g . l . 

Th e  S a l s a ' b e e l  a s  a n E v a p o r a t i v e  A i r  C o o l e r 

I t  i s  a  k in d o f  f o u n t a i n c o m p o s e d o f  a n i n c l i n e d m a r b l e  p l a t e 
c a r v e d i n  a  w a v y p a t t e r n o n w h i c h w a t e r  s t r e a m i s  t r i c k l i n g .  I t 
i s  a n o p t i o n p r o v i d e d w h e n t h e r e  wa s  no t  e n o u g h w a t e r  p r e s s u r e  fo r 
o p e r a t i n g a  f o u n t a i n ,  an d ca n b e  c o n s i d e r e d a s  a  t r a n s p o s i t i o n o f 
th e  f o u n t a i n h e a d p l a c e d o u t s i d e  t h e  foun t a i n [7 ]  .  Th e  c a r v e d wav y 
p a t t e r n ,  a s  i t  r e f l e c t s  an d e n h a n c e s  th e  f o r m a t i o n o f  w a t e r  w a v e s 
a s  a n a e s t h e t i c  v i e w i n th e  l i v in g a rea ,  a l s o c r e a t e s  m o r e  s u r f a c e 
a re a  t o  e n h a n c e  th e  w a t e r  e v a p o r a t i o n o n tha t  s u r f a c e .  A i r  c o o l i n g 
b y s a l s a ' b e e l  w o r k s  i n  a  s i m i l a r  m a n n e r  a s  tha t  o f  t h e  f o u n t a i n . 
Th e  ide a  o f  s a l s a ' b e e l  o p e r a t i o n i s  ve r y s impl e  i n  w h i c h w a t e r 
t r i c k l e s  o v e r  th e  i n c l i n e d su r f ac e  o f  th e  m a r b l e  t i l e .  A s  w a t e r 
a c c u m u l a t e s  b e t w e e n t h e  c a r v e d w a v y p a t t e r n o f  th e  t i l e ;  i t  t end s 
t o  f lo w o n i t  i n  a  w a v y form ,  a s  show n i n  F i g . 2 .  A s  w a t e r  r e a c h e s 
th e  b o t t o m e d g e  o f  th e  m a r b l e  t i l e  i t  m o v e s  in t o a  m a r b l e  c h a n n e l 
w h i c h a s  c r e a t i n g m o r e  a e s t h e t i c  a p p e a l  i t  p r o v i d e s  m o r e  w a t e r 
s u r f a c e  a r e a  fo r  th e  e v a p o r a t i v e  c o o l i n g p r o c e s s . 

Th e  " A ' c o o l "  a s  a n E v a p o r a t i v e  A i r  C o o l e r 

A n c i e n t  B e d w i n s  o f  A r a b i a  u s e d t o  se l l  e v a p o r a t i v e  a i r  c o o l e r s  t o 
p e o p l e  s e t t l e d i n  c i t i e s .  T h e s e  c o o l e r s  w e r e  n a m e d " A ' c o o l " ,  w h i c h 
i s  a n A r a b i a n w o r d .  A n A ' c o o l  i s  m a d e  o f  dese r t  t ho r n an d n a m e l y 
a  s p e c i a l  t y p e  o f  t ho r n c a l l e d c a m e l  t ho r n o r  A ' c o o l  t h o r n .  Th e 
t ho r n i s  u s e d a s  a  p a c k i n g m e d i a  tha t  ac t s  a s  a n e v a p o r a t i v e  a i r 
c o o l i n g s u r f a c e .  I t  i s  p a c k e d b e t w e e n tw o l aye r s  o f  p a l m s '  s t i ck s 
fo rme d i n  a  g r i d  shap e  f r am e  a s  show n i n F i g .  3 .  Th e  s t i ck s  t i e d 
t o g e t h e r  w i t h p a l m l eave s  t o  fo r m th e  abov e  m e n t i o n e d g r i d  shap e 
f r a m e .  Th e  c a m e l  t h o r n h a s  a  m a j o r  a d v a n t a g e  w h i c h i s  m o i s t u r e 
r e t e n t i o n fo r  a  lon g p e r i o d o f  t im e  c o m p a r e d w i t h o t h e r  t y p e s  o f 
p l a n t s .  T h i s  a d v a n t a g e  r e d u c e s  th e  amoun t  o f  w a t e r  c o n s u m e d i n  th e 
p r o c e s s  o f  e v a p o r a t i o n an d t h e r e f o r e  h e l p s  i n  th e  c o n s e r v a t i o n o f 
w a t e r ,  t h e  m o s t  p r e c i o u s  e l e m e n t  i n  th e  ho t  a r i d  de se r t  c l i m a t e s . 
M o r e o v e r  th e  c a p a b i l i t y  o f  m o i s t u r e  r e t e n t i o n keep s  th e  c a m e l  t ho r n 
g r ee n fo r  a  lon g p e r i o d o f  t im e  an d t h i s  g i v e s  a n a d d i t i o n a l 
a d v a n t a g e  o f  a e s t h e t i c  a p p e a l  t o  th e  A ' c o o l .  I n  fac t  i t s  g r ee n 
a p p e a r a n c e  i n d i c a t e s  t h e  f r e s h n e s s  o f  th e  c a m e l  t ho r n a s  a  p a c k i n g 
m e d i a  w h i c h u s u a l l y  l a s t s  fo r  m o r e  tha n t w o m o n t h s  b e f o r e  i t  d r i e s 
an d t h e r e f o r e  n e e d s  t o  b e  c h a n g e d .  Th e  A ' c o o l  i s  u s u a l l y  f ixe d o n 
a  w i n d o w o r  s o m e t i m e s  o n a  d o o r  o p e n i n g f ac in g th e  p r e v a i l i n g w i n d 
o r  a  l o c a l  w i n d .  S i n c e  a i r  i s  ho t  an d d r y i n  t h e s e  a r e a s .  A ' c o o l 
i s  w e t t e d w i t h w a t e r  an d t h e r e f o r e  whe n a i r  p a s s e s  t h r o u g h th e  we t 
m e d i a  o f  c a m e l  t h o r n i t  o p e r a t e s  a s  a  d i r ec t  e v a p o r a t i v e  a i r 
c o o l e r .  Th i s  c o o l i n g p r o c e s s  i s  a n a d i a b a t i c  h u m i d i f i c a t i o n 
p r o c e s s  i n  w h i c h t h e  l a ten t  hea t  o f  w a t e r  e v a p o r a t i o n o n th e  we t 
m e d i a  i s  a b s o r b e d f r o m th e  o u t d o o r  ho t  d r y a i r  s t r e a m w h i l e  p a s s i n g 
t h r o u g h th e  A ' c o o l .  Th e  e n t e r i n g a i r  s t r e a m s e n s i b l e  hea t 
d e c r e a s e s ,  w h i l s t  i t s  l a t en t  hea t  con t en t  i n c r e a s e s .  Th e  D B T 
d e c r e a s e s ,  s impl y b e c a u s e  som e  o f  th e  s e n s i b l e  hea t  o r i g i n a l l y 
p r e s e n t  i n  th e  e n t e r i n g ambien t  a i r  i s  c o n v e r t e d in t o l a t en t  h e a t . 
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Ai r  h u m i d i t y  i n c r e a s e s  a f t e r  i t  p a s s e s  t h r o u g h th e  A ' c o o l  we t 
m e d i a ,  a n d i n  ho t  d r y c l i m a t e s  t h i s  h u m i d i f i c a t i o n a c t i o n g i v e s  a n 
a d d i t i o n a l  p l e a s a n t  c o m f o r t  f e e l i n g . 

P s y c h r o m e t r i c  C h a r t s  an d C l i m a t i c  C o n d i t i o n s 

F i g . 4 .  show s  a  h y p o t h e t i c a l  p s y c h r o m e t r i c  cha r t  s h o w i n g a 
c o m p a r i s o n b e t w e e n th e  c o o l i n g e f f e c t s  o f  th e  p r e s e n c e  o f  a  d i r ec t 
e v a p o r a t i v e  c o o l e r ,  a n A ' c o o l ,  a  S a l s a ' b e e l  o r  a  f o u n t a i n i n  a 
l i v in g e n v i r o n m e n t .  F u r t h e r  i n v e s t i g a t i o n an d e x p e r i m e n t a l  w o r k i s 
n e e d e d t o  p r o v e  t h e  r a n k i n g o f  th e  c o o l i n g e f f i c i e n c i e s  o f  t he s e 
s y s t e m s . 

Th e  a b o v e  m e n t i o n e d sys t em s  w o r k s  a s  f o l l o w s  :  th e  a i r  coo l s 
e v a p o r a t i v e l y a lon g a  l in e  o f  cons t an t  we t  b u l b t e m p e r a t u r e  (WBT ) 
m o v i n g i t  f ro m c o n d i t i o n s  a t  p o i n t  A  t o  t he s e  r e p r e s e n t e d b y th e 
p o i n t s  B l f B 2,  B3 o r  B 4,  w h i l e  th e  ambien t  a i r  D B T i s  r e d u c e d it s 
h u m i d i t y  i n c r e a s e s .  Th e  c o o l e d a i r  t he n ge t s  m i x e d w i t h r o o m ai r 
i m p r o v i n g i t s  c o n d i t i o n s  t o  t hos e  show n a t  p o i n t s  Clf C 2,  C 3 o r  C 4. 

Th e  W BT o f  th e  e n t e r i n g a i r  c o n d i t i o n s  (poin t  A  i n  th e  cha r t )  i s 
th e  m o s t  l i m i t i n g f ac to r  fo r  t h e  e f f i c i e n c y o f  t he s e  s y s t e m s .  Th e 
abov e  m e n t i o n e d s y s t e m s  ar e  m o r e  e f f i c i e n t  i n  ho t  d r y c l i m a t e s . 
The y ar e  no t  g o i n g t o  p r o v i d e  th e  d e s i r a b l e  comfor t  i n  h o t - h u m i d 
c l i m a t e  t h i s  i s  du e  t o  th e  fac t  tha t  th e  h u m i d i t y  w i l l  i nc reas e  t o 
u n p l e a s a n t  l eve l  w i t h les s  a c h i e v e m e n t s  i n  r educ in g th e  D B T .  I f 
th e  indoo r  c o n d i t i o n s  h a v e  a  r e l a t i v e  h u m i d i t y  e x c e e d i n g 7 0 - 7 5 % RH , 
th e  a b o v e  m e n t i o n e d s y s t e m s  w i l l  c ea s e  t o  f u n c t i o n . 

W i n d T o w e r  a s  a n E v a p o r a t i v e  A i r  C o o l e r 

W i n d i s  a  v e r y impor tan t  f a c to r  i n  th e  d e s i g n o f  b u i l d i n g s 
s p e c i a l l y  w h e n a i r  m o v e m e n t  an d v e n t i l a t i o n ar e  n e c e s s a r y i n 
a c h i e v i n g h u m a n t h e r m a l  c o m f o r t .  I n  h o t - a r i d  c l i m a t e s  a  w i n d o w 
canno t  f u n c t i o n a s  on e  un i t  c a p a b l e  o f  p r o v i d i n g th e  r e q u i r e d 
n a t u r a l  l i gh t i ng ,  v e n t i l a t i o n an d v i e w .  Th i s  i s  b e c a u s e  o f  th e 
n a t u r e  o f  tha t  c l i m a t e  w h i c h ca n b e  c h a r a c t e r i s e d b y h ig h 
t e m p e r a t u r e  a c c o m p a n i e d b y l a rg e  d i u r n a l  r ang e  (18-22°C )  an d dus t y 
w i n d s  o f  f i xe d d i u r n a l  an d s e a s o n a l  p a t t e r n s .  I t  i s  a l s o 
c h a r a c t e r i s e d b y h i g h so l a r  r a d i a t i o n an d ho t  day s  w i t h ho t 
d r a u g h t s  an d h i g h r a d i a t i o n r a t e  t o  th e  sk y d u r i n g th e  n igh t  w i t h 
coo l  n i g h t s .  T h e r e f o r e ,  p e o p l e  l i v in g i n  t he s e  a r ea s  foun d i t 
i m p o s s i b l e  t o  d e s i g n w i n d o w s  tha t  f unc t i o n a s  a  l i gh t ing , 
v e n t i l a t i o n an d v i e w s o u r c e ,  a s  w e l l  a s  b e i n g ab l e  t o  res i s t  th e 
abov e  m e n t i o n e d c h a r a c t e r i s t i c s  o f  tha t  c l i m a t e .  D u e  t o  h i g h so la r 
r a d i a t i o n an d t o  p r e v e n t  e x c e s s i v e  i l l u m i n a n c e  an d g l a r e  i n  th e 
l i v in g e n v i r o n m e n t ,  w i n d o w s  m u s t  b e  s m a l l .  Th e  s u i t a b l e  s i z e  o f 
w i n d o w fo r  d a y - l i g h t i n g i s  u s u a l l y  i n s u f f i c i e n t  s iz e  fo r  th e 
r e q u i r e d v e n t i l a t i o n .  L a r g e  w i n d o w s  a l s o a l l o w s  m o r e  dus t  t o  e n t e r 
s p e c i a l l y  w h e n k n o w i n g tha t  dus t  i s  m o r e  c o n c e n t r a t e d i n  th e  lowe r 
l aye r s  o f  th e  w i n d z o n e .  A i r  g u s t s  a r e  n o r m a l l y d r y an d ho t . 
T h e r e f o r e  fo r  p e o p l e  l i v in g i n  t h e s e  a rea s  i n o r d e r  t o  o v e r c o m e  th e 
p r o b l e m o f  e x c e s s i v e  i l l u m i n a t i o n ,  dus t  an d ho t  d r y w i n d s  t he y hav e 
t o  f in d a n o t h e r  sor t  o f  w i n d o w s  d i f f e r e n t  f ro m th e  commo n o n e s . 

A n o r m a l  bu t  sma l l  w i n d o w ca n b e  p r o v i d e d i n  suc h c l i m a t e  t o 
f u n c t i o n a s  a  d a y l i g h t i n g an d v i e w i n g s o u r c e .  S h a d i n g d e v i c e s  a r e 
g o o d s o l u t i o n s  t o  o v e r c o m e  th e  p r o b l e m o f  e x c e s s i v e  d i r e c t  so la r 
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r a d i a t i o n .  S p e c i a l  t ype s  o f  shad in g d e v i c e s  ca n b e  d e s i g n e d t o 
p r o v i d e  b o t h s h a d i n g an d p r i v a c y .  Th e  t h i r d f u n c t i o n o f  a  w i n d o w 
w h i c h i s  v e n t i l a t i o n .  I t  ca n b e  i n t e r p r e t e d a s  pa r t  o f  t h e  w i n d o w 
are a  t r a n s p o s i t i o n e d t o  a  m o r e  c o n v e n i e n t  l oca t i o n o f  t h e  b u i l d i n g 
s t r u c t u r e  w h e r e  i t  i s  m o s t l y  n e e d e d i n  o rde r  t o  a c h i e v e  c o m f o r t . 
Th i s  t r a n s p o s i t i o n e d pa r t  mus t  func t io n t o  o v e r c o m e  th e  p r o b l e m o f 
ho t  a i r  d r a u g h t s ,  dus t  an d san d s to rm s  a s  w e l l  a s  u t i l i s i n g th e 
c h a r a c t e r i s t i c  o f  c o l d n igh t s  t o  coo l  th e  ho t  d a y s .  M o r e o v e r  i t 
w o r k s  a s  a n e v a p o r a t i v e  a i r  coo le r  b y u t i l i s i n g th e  c h a r a c t e r i s t i c 
o f  h o t - d r y a i r  d u r i n g th e  day . 

W i n d t o w e r s  w e r e  foun d t o  b e  a  goo d so lu t i o n t o  o v e r c o m e  th e  a b o v e 
m e n t i o n e d p r o b l e m s  o f  th e  h o t - d r y c l i m a t e .  I t  ca n b e  c o n s i d e r e d a s 
th e  p a r t  o f  th e  o v e r a l l  a re a  o f  th e  w i n d o w s  i n  th e  b u i l d i n g 
r e q u i r e d fo r  v e n t i l a t i o n r e m o v e d f ro m t h e i r  p l a c e s  an d p l a c e d o n 
to p o f  t h e  b u i l d i n g fo r  m o r e  c o n v e n i e n c e . 

I t  i s  no t  t h e  a i m o f  th i s  d i s c u s s i o n t o  p r e s e n t  th e  h i s t o r y , 
t heo ry ,  d e s i g n an d o p e r a t i o n o f  w i n d t o w e r s ,  w h i c h h a v e  b e e n 
p r e s e n t e d b y s eve ra l  c o n t r i b u t o r s  [2 ,  3 ,  4 ,  5 ,  7 ,  8  &  9 ]  ,  r a t he r 
t ha n p r e s e n t i n g i t s  p a r t i a l  o p e r a t i o n a s  a n e v a p o r a t i v e  a i r  c o o l i n g 
sys tem . 

When a  foun ta in ,  a  p o o l  o r  a  s a l s a ' b e e l  i s  p l a c e d i n  t h e  wa y o f 
th e  o u t f l o w i n g ai r  f ro m a  w i n d tower ,  a s  show n i n F i g . 5 ,  f u r t h e r 
a i r  c o o l i n g ca n b e  a c h i e v e d .  A n a d d i t i o n a l  p l e a s a n t  t h e r m a l 
comfor t  w i l l  b e  a c h i e v e d f ro m th e  ac t i o n o f  h u m i d i f i c a t i o n o f  th e 
h o t - d r y a i r . 

Th i s  s y s t e m w o r k s  a s  a  comple t e  p a s s i v e  c o o l i n g s inc e  n o a c t i v e 
p a r t s  a r e  adde d (suc h a s  p u m p s  o r  fans )  .  Th e  w i n d t o w e r  a s  a 
c o o l i n g s y s t e m wa s  foun d t o  b e  a  m o r e  e f f i c i e n t  on e  w h e n c o m p a r e d 
w i t h s e v e r a l  m o d e r n e v a p o r a t i v e  a i r  c o o l e r s  [ 2 ] . 

S e v e r a l  m o d i f i c a t i o n s  h a v e  b e e n p r e s e n t e d i n  th e  l i t e r a t u r e ,  som e 
o f  w h i c h a r e  show n i n th i s  p a p e r .  Th e  m o d i f i c a t i o n s  p r e s e n t e d ar e 
th e  one s  r e l a t e d t o  e v a p o r a t i v e  c o o l i n g .  O t h e r  p o s s i b l e 
m o d i f i c a t i o n s  c o v e r i n g th e  c o o l i n g a s p e c t s  o f  th e  w i n d t o w e r  a r e 
w e l l  d o c u m e n t e d i n  th e  l i t e r a t u r e .  F i g . 6 p r e s e n t s  a n o l d 
m o d i f i c a t i o n i n  th e  win d t o w e r  tha t  e n h a n c e s  t h e  e v a p o r a t i v e 
c o o l i n g e f f ec t  o f  th e  t o w e r .  Th e  m o d i f i c a t i o n i s  s impl y b y 
p r o v i d i n g a  ro w o f  p o r o u s  p o t t e r y jar s  jus t  a f t e r  th e  in le t  o f  t h e 
t o w e r  an d c h a r c o a l  o n g r a t i n g b e f o r e  th e  ex i t  o f  t h e  t o w e r .  A  p o o l 
o f  w a t e r  i s  u s u a l l y  p r o v i d e d i n  th e  b o t t o m o f  th e  t o w e r .  J a r s  a r e 
f i l l e d w i t h w a t e r  w h i c h we t  th e  s u r f a c e  o f  th e  ja rs ,  m o r e o v e r 
d r o p l e t s  o f  w a t e r  f ro m th e  b o t t o m o f  t h e  jar s  w i l l  a l s o we t  th e 
c h a r c o a l ;  e x c e s s i v e  w a t e r  end s  in t o th e  p o o l  p r o v i d e d a t  th e  b o t t o m 
o f  th e  t o w e r s '  e x i t . 

When h o t - d r y ai r  p a s s e s  t h r o u g h th e  t o w e r  i t  g e t s  h u m i d i f i e d an d 
e v a p o r a t i v e l y c o o l e d w h e n c o n t a c t i n g wi t h th e  we t  s u r f a c e s  o f  th e 
ja rs ,  th e  w a t e r  d r o p l e t s ,  th e  c h a r c o a l  an d th e  p o o l  w a t e r  s u r f a c e . 
A d d i t i o n a l  t o  th e  h u m i d i f i c a t i o n an d c o o l i n g e f f e c t s  i t  a l s o c l e a n s 
a i r  f ro m th e  s u s p e n d e d so l id s  o f  dus t  wh ic h i s  a  commo n f ea tu r e  o f 
th e  w i n d i n  ho t  a r i d  c l i m a t e s . 

Th e  w i n d t o w e r  o f  F i g . 7 imp lemen t s  ano the r  m o d i f i c a t i o n tha t 
u t i l i s e s  e v a p o r a t i v e  c o o l i n g concep t  [ 7 ] .  Th e  e v a p o r a t i v e  c o o l i n g 
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Dry bul b temperatur e  (OBTJ.' C 

Fi g 4 . A  hypothetica l  char t  show s  Fi g 5 . A  win d towe r  functionin g 
th e  rankin g o f  coolin g efficiencie s  durin g th e  da y a s  a n evaporativ e 
fo r  differen t  system s  ai r  cooler . 

Fi g 6 .  A  ro w o f  porou s  potter y Fi g 7 .  A  specifi c  typ e  o f  win d 
jar s  jus t  afte r  th e  inle t  o f  a  tower s  calle d malqa f  (win d catch ) 
win d towe r  t o  enhanc e  th e  provide d wit h witte d baffle s  t o 
evaporat e  coolin g action .  enhanc e  evaporativ e  ai r  cooling . 

Designe d b y Ç  Fathy . 

Direc t  evaporativ e  cooler :  k— B1- — C I 

A'cool :  A — B 2 — C 2 

Salsa'beel :  A — B 3 — C 3 J 

Fountain :  A — B4—•  C 4 / J 
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s y s t e m i s  s impl y a n i n v e r t e d Y - s h a p e  m e t a l  p l a t e  o n w h i c h c h a r c o a l 
i s  p l a c e d an d h e l d i n  p l a c e  b y g r a t i n g o n to p o f  i t .  A n o t h e r  V -
shape d p l a t e  i s  s u s p e n d e d w i t h th e  Y - s h a p e d p l a t e  an d a l s o f i l l e d 
w i t h c h a r c o a l .  W a t e r  i s  p u m p e d t o  th e  u p p e r  pa r t  o f  t h e  t o w e r  an d 
s p r i n k l e d o n th e  c h a r c o a l .  Whe n ho t  d r y a i r  p a s s e s  ove r  th e  we t 
c h a r c o a l  s u r f a c e  i t  ge t s  h u m i d i f i e d an d e v a p o r a t i v e l y c o o l e d b e f o r e 
e n t e r i n g th e  l i v in g e n v i r o n m e n t .  Th e  sam e  t o w e r  ca n b e  f u r t h e r 
m o d i f i e d [7 ]  b y p r o v i d i n g a  s a l s a ' b e e l  an d /  o r  a  f o u n t a i n i n  th e 
p a s s a g e  o f  th e  a i r  w h i l e  l eav in g th e  tower ,  a s  show n i n F i g . 8 . 
S a l s a ' b e e l  o r  a  foun ta i n i n  th e  l iv in g e n v i r o n m e n t  no t  on l y 
e n h a n c e s  th e  e v a p o r a t i v e  a i r  c o o l i n g o f  th e  t o w e r  b u t  a l s o p r o v i d e s 
a n a e s t h e t i c  a p p e a l  t o  tha t  e n v i r o n m e n t . 

When a n u n d e r g r o u n d w a t e r  s t r ea m i s  a v a i l a b l e  o r  th e  w a t e r  t ab l e 
i s  h i g h i n  th e  s i t e  o f  th e  b u i l d i n g ,  th e  w i n d t o w e r  o f  F i g . 9 ca n 
b e  a  g o o d e v a p o r a t i v e  ai r  coo l e r  [ 2 ] .  A s  th e  u n d e r g r o u n d w a t e r 
t e m p e r a t u r e  i s  n o r m a l l y low ,  th i s  p r o v i d e s  th e  s y s t e m w i t h a n 
a d d i t i o n a l  c o o l i n g f a c t o r .  T h e r e f o r e  th i s  s y s t e m i s  e m p l o y i n g a 
m o r e  c o o l i n g e f f i c i e n c y whe n compare d wi t h s eve ra l  o t h e r  t o w e r s . 
Th e  h o u s e  i s  c o n n e c t e d wi t h th e  u n d e r g r o u n d w a t e r  w i t h sha f t s  suc h 
a s  D .  A i r  e n t e r s  f ro m po in t  d  o f  th e  t owe r  w i t h h i g h v e l o c i t y . 
Whi l e  e n t e r i n g i t  c a r r i e s  th e  co l d a i r  a t  p o i n t  c  t o  th e  o the r 
p a r t s  o f  th e  room .  A t  po in t  a  th e  t r a n s p o r t e d a i r  e n t e r s  aga i n an d 
ge t s  c i r c u l a t e d t h r o u g h th e  u n d e r g r o u n d wa te r  p a s s a g e  t h e r e f o r e 
fu r the r  c o o l i n g i s  a c h i e v e d .  Th e  u n d e r g r o u n d w a t e r  ca n b e  u t i l i s e d 
b y s e v e r a l  n e i g h b o u r s  b y imp lemen t in g th e  sam e  s y s t e m i n eac h 
h o u s e . 

A n o t h e r  w i n d towe r  i n c o r p o r a t e d seve ra l  m o d i f i c a t i o n s  [3 ]  i s  show n 
i n F i g . 1 0 i n  w h i c h on l y th e  e v a p o r a t i v e  c o o l i n g m o d i f i c a t i o n s  a r e 
i n t e n d e d h e r e  fo r  d i s c u s s i o n .  Th e  sys t e m i s  c a p a b l e  o f  d i r e c t i n g 
m o r e  a i r  t o  th e  l iv in g spac e  an d c a p a b l e  o f  s t o r i n g an d r e t r i e v i n g 
c o o l n e s s  w i t h a  h i g h e r  e f f i c i e n c y .  M o r e o v e r  th e  t o w e r  i s  p r o v i d e d 
wi t h u n g l a z e d c la y c o n d u i t s  s p r a y e d wi t h w a t e r  f ro m th e  u p p e r  pa r t 
o f  th e  t o w e r .  Whe n h o t - d r y a i r  p a s s e s  ove r  th e  we t  su r f ac e  o f  th e 
c la y c o n d u i t s  e v a p o r a t i v e  a i r  c o o l i n g t ake s  p l a c e .  T h e r e f o r e  a i r 
e n t e r s  th e  l i v in g spac e  wi t h a  m u c h lowe r  t e m p e r a t u r e .  Th i s  t o w e r 
i s  a l s o s u c c e s s f u l l y  f u n c t i o n i n g i n  r e m o v i n g dus t  p a r t i c l e s  f ro m 
th e  e n t e r i n g a i r  an d t h e r e f o r e  p a s s i n g c lea n a i r  t o  th e  l i v in g 
s p a c e . 

A w i n d t o w e r  i n c o r p o r a t i n g a n e v a p o r a t i v e  a i r  c o o l i n g m e d i a  [5 ]  o f 
t h i c k c e l d e k e v a p o r a t i o n p a d s  m a d e  o f  s p e c i a l  p a p e r  h o n e y c o m b h a v e 
b e e n d e s i g n e d an d c o n s t r u c t e d i n  a  tes t  h o u s e .  Th e  c o o l i n g 
e f f i c i e n c y o f  th e  t o w e r  wa s  i n v e s t i g a t e d . 

A w i n d t o w e r  fo r  p a s s i v e  c o o l i n g an d h e a t i n g i n  h o t - a r i d  r e g i o n s 
wa s  s u c c e s s f u l l y  d e s i g n e d [ 4 ] .  Th e  c o o l i n g m o d e  o f  th e  t o w e r 
u t i l i s e d e v a p o r a t i v e  c o o l i n g pad s  ac ros s  w h i c h h o t - d r y a i r  p a s s e s 
an d l eave s  th e  p a d s  a s  a  h u m i d i f i e d an d co l d a i r . 

P s y c h r o m e t r i c  C h a r t s  an d C l i m a t i c  C o n d i t i o n s  fo r  W i n d T o w e r s 

D i f f e r e n t  d e s i g n s  o f  w i n d t ower s  t en d t o  h a v e  d i f f e r e n t 
p s y c h r o m e t r i c  c h a r t s ,  whe n c o n s i d e r i n g th e  f ina l  c o o l i n g e f f e c t s . 
A t y p i c a l  p s y c h r o m e t r i c  char t  ca n b e  c o n s i d e r e d a s  tha t  show n i n 
F i g . 1 1 w h i c h i s  r e l a t e d t o  th e  c o o l i n g e f f e c t s  o f  th e  w i n d t o w e r 
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Fig 9 .  A c r o s s s e c t i o n of 
a wind tower in con junc t ion 
wi th an underground wate r s t r eam. 

Fig 10. A c r o s s s e c t i o n of 
a wind tower i n c o r p o r a t e d 

(2) s e v e r a l m o d i f i c a t i o n s . 
Designed by M.  Bahador i . (3 ) 

F i g 1 1 .  T h e  p s y c h r o m e t r i c 
p r e s e n t a t i o n o f  a i r 
c o n d i t i o n i n g p r o c e s s  o f 
t h e  w i n d t o w e r  an d u n d e r g r o u n d 
w a t e r  s t r e a m s h o w n i n  F i g 9  (2 ) 

F i g 8 .  T w o o t h e r  a l t e r n a t i v e 
m a l q a f s  t o  t h a t  o f  f i g  7 .  ( 7 ) 
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p r e s e n t e d i n  F i g .  9  [ 2 ] . 

W i n d t o w e r s  ca n b e  u s e d a s  coo l in g sys t em s  i n  ho t  d r y c l i m a t e s  an d 
th e  c o o l i n g e f f e c t  o f  th e  towe r  ca n b e  e n h a n c e d whe n p r o v i d e d w i t h 
e v a p o r a t i v e  c o o l i n g p a r t s .  Th e  sys t em s  ca n a l s o b e  u s e d i n  w a r m 
h u m i d c l i m a t e s  w h e r e  ai r  c i r c u l a t i o n i s  impor tan t  i n  a c h i e v i n g 
t h e r m a l  c o m f o r t .  A  w i n d towe r  fo r  b o t h p a s s i v e  c o o l i n g an d h e a t i n g 
wa s  r e p o r t e d [5 ]  an d p r o v e d t o  b e  e f f i c i e n t l y  o p e r a t i n g . 

E v a p o r a t i v e  A i r  C o o l i n g i n  th e  C o u r t y a r d Concep t 

I t  i s  no t  t h e  a i m h e r e  t o  d i s c u s s  th e  c o u r t y a r d concep t ,  w h i c h h a s 
b e e n w e l l  s t u d i e d b y s e v e r a l  o the r  w o r k e r s  [6 ,  7  &  9 ] ,  r a t h e r  tha n 
d i s c u s s i n g th e  u t i l i s a t i o n o f  e v a p o r a t i v e  ai r  c o o l i n g a s  on e  o f  th e 
p a s s i v e  c o o l i n g t e c h n i q u e s  u t i l i s e d b y th e  c o u r t y a r d c o n c e p t . 

A s impl e  d e s c r i p t i o n o f  th e  c o u r t y a r d concep t  i s  p r o v i d e d i n 
F i g . 1 2 .  I t  i s  u s u a l  t o  p r o v i d e  a  p o o l  o r  a  foun ta i n a t  t h e  c e n t r e 
o f  th e  c o u r t y a r d fo r  th e  p u r p o s e  o f  e v a p o r a t i v e  a i r  c o o l i n g .  Th e 
p r e s e n c e  o f  th e  f o u n t a i n (o r  th e  p o o l )  s u r r o u n d e d b y th e  room s 
p r o v i d e  a  s h e l t e r  fo r  th e  foun ta i n f ro m th e  d i r ec t  f l o w o f  t h e  h o t -
dr y w i n d s  an d t h e r e f o r e  l imi t s  th e  amoun t  o f  e v a p o r a t e d w a t e r . 
Thi s  i s  g o o d d e c i s i o n m a k i n g k n o w i n g tha t  w a t e r  i s  p r e c i o u s  i n  th e 
h o t - d r y c l i m a t e s ,  an d t h e r e f o r e  i t  i s  g o o d t o  us e  i t  fo r  c o o l i n g 
p u r p o s e s  p r o v i d i n g tha t  e x c e s s i v e  e v a p o r a t i o n i s  p r e v e n t e d .  A 
s a l s a ' b e e l  m i g h t  b e  p r o v i d e d i n  ano the r  p a r t  o f  t h e  h o u s e  suc h a s 
a  l i v in g room .  A n A ' c o o l  i s  p r o v i d e d t o  se rv e  a  roo m o r  a  n u m b e r  o f 
room s  o r  space s  in s id e  th e  h o u s e .  Seve ra l  A ' c o o l s  a r e  p o s s i b l y 
p r o v i d e d e a c h t o  se rv e  a  c e r t a i n  spac e  o f  th e  h o u s e .  T h e s e  ar e 
u s u a l l y  f ixe d o n w i n d o w o p e n i n g s . 

D u r i n g summe r  som e  o f  th e  h o u s e s  ar e  p r o v i d e d w i t h tw o A ' c o o l s 
s t a n d i n g i n  a n L - s h a p e  o p p o s i t e  t o  th e  m a i n e n t r a n c e .  A  t h i r d 
A ' c o o l  i s  u s e d t o  cove r  th e  p r e v i o u s  tw o A ' c o o l s .  Th e  m a i n 
e n t r a n c e  d o o r  i s  kep t  ope n an d th e  t h r e e  A ' c o o l s  s t r u c t u r e  s e r v e s 
a s  a n e v a p o r a t i v e  a i r  coo l e r  an d a s  a  c u r t a i n  tha t  keep s  th e  h o u s e 
p r i v a t e .  Th e  g r ee n l ook in g o f  a  numbe r  o f  A ' c o o l s  i n  f ron t  o f  t h e 
e n t r a n c e s  o f  s eve ra l  c o u r t y a r d h o u s e s  add s  a n a d d i t i o n a l  a e s t h e t i c 
d i m e n s i o n t o  th e  a l l e y w a y . 

Th e  c o u r t y a r d f la t  roo f  u s u a l l y  u se d fo r  s l eep in g d u r i n g summe r 
t i m e s  an d w a t e r  s p r i n k l i n g o n th e  roof ,  b e f o r e  s l e e p i n g i s  a  commo n 
p r a c t i c e .  Th e  ide a  o f  s p r i n k l i n g w a t e r  o n th e  roo f  i s  t o  c r e a t e 
e v a p o r a t i v e  c o o l i n g a s  a n a d d i t i o n a l  c o o l i n g m e t h o d t o  th e  c o o l i n g 
b y r a d i a t i o n t o  th e  sk y wh ic h i s  a  n a t u r a l  p h e n o m e n a  i n  h o t - a r i d 
r e g i o n s .  Th e  room s  o f  th e  c o u r t y a r d h o u s e  wh ic h ar e  awa y f ro m th e 
c o u r t y a r d b r e e z e  a r e  u s u a l l y  p r o v i d e d w i t h w i n d t o w e r s  s i m i l a r  t o 
tha t  show n i n F i g . 5 . 
T h e r e f o r e  t h e  c o u r t y a r d concep t  ca n b e  c o n s i d e r e d a s  a n e x t r e m e 
cas e  o f  th e  u t i l i s a t i o n o f  e v a p o r a t i v e  a i r  c o o l i n g . 

C o n c l u s i o n 

Th e  d i s c u s s e d e v a p o r a t i v e  a i r  c o o l i n g sys t em s  ar e  no t  th e  on l y 
imp lemen te d one s  b y th e  I s l ami c  a r c h i t e c t u r e .  The y a r e  on l y 
p r e s e n t e d a s  e x a m p l e s  f ro m som e  I s l ami c  r e g i o n s .  O t h e r  e v a p o r a t i v e 
ai r  c o o l i n g s y s t e m s  ca n b e  foun d i n  o the r  r eg ion s  o f  th e  I s l ami c 
w o r l d .  Th e  p r e s e n t e d p a s s i v e  e v a p o r a t i v e  a i r  c o o l i n g s y s t e m s  ca n 
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b e  c h a r a c t e r i s e d b y the i r  de s ig n s impl i c i ty ,  a e s t h e t i c  a p p e a l , 
q u i e t n e s s  an d g o o d e f f i c i e n c y wh ic h ar e  ve r y impor tan t  p a r a m e t e r s 
i n  an y a r c h i t e c t u r a l  d e s i g n .  Som e  o f  th e  p r e s e n t e d s y s t e m s  wer e 
foun d t o  b e  m o r e  e f f i c i e n t  whe n compare d w i t h s e v e r a l  m o d e r n 
e v a p o r a t i v e  c o o l e r s .  F u r t h e r  m o d i f i c a t i o n s  an d s t u d i e s  a r e  s t i l l 
r e q u i r e d b e f o r e  i m p l e m e n t i n g thes e  t e c h n i q u e s  a s  p a r t  o f  t h e  m o d e r n 
a r c h i t e c t u r e ,  a l t h o u g h som e  hav e  b e e n s u c c e s s f u l l y  u s e d i n  som e 
m o d e r n b u i l d i n g s . 
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ABSTRACT 

Attache d su n space s  an d glaze d extension s  t o  building s  ac t  a s  passiv e  sola r 
system s  wit h a  relativel y lo w efficiency .  Thi s  pape r  analyse s  th e  usefu l 
sola r  hea t  obtaine d usin g su n space s  attache d t o  dwelling s  i n  differen t 
region s  o f  Argentina .  Th e  result s  sho w tha t  the y perfor m wel l  i n  Patagonia , 
souther n Argentina ,  wher e  attache d su n space s  offe r  othe r  climati c  an d 
functiona l  benefit s  i n  a  regio n wit h hig h win d speed s  an d lo w rainfall . 
Desig n guideline s  ar e  provided ,  base d o n a  stud y o f  alternative s  whic h 
increas e  usefu l  sola r  hea t  gain . 

KEYWORDS 

Su n spaces ;  sola r  systems ;  patagonia ;  Argentina ;  sola r  radiation ;  glazing ; 
climate . 

INTRODUCTION 

Attache d su n space s  an d glaze d extension s  ac t  a s  passiv e  sola r  system s  o f 
relativel y lo w efficiency ,  providin g les s  usefu l  sola r  hea t  gai n tha n direc t 
gai n system s  an d Tromb e  wall s  o f  th e  sam e  effectiv e  expose d area .  However , 
the y provid e  additiona l  benefit s  suc h a s  extr a  livin g spac e  fo r  intermitan t 
use ,  protectio n fro m stron g winds ,  spac e  fo r  plant s  protecte d fro m frosts , 
an d a  transitio n betwee n indoo r  an d outdoo r  spaces ,  whic h ma y b e  use d t o 
provid e  a n entranc e  wit h lo w hea t  losse s  o r  a  therma l  buffer .  A t  th e  sam e 
tim e  thes e  space s  ma y suffe r  fro m summe r  overheatin g an d reduce d ventilatio n 
t o  habitabl e  rooms . 

I t  i s  therefor e  importan t  t o  identif y  th e  regio n wher e  attache d su n space s 
perfor m wel l  an d t o  clarif y  th e  desig n variable s  whic h influenc e  th e  usefu l 
hea t  gai n (Evan s  e t  al ,  1989) .  Thes e  tw o aspect s  ar e  studie d i n  thi s  paper . 
Simpl e  desig n recommendation s  ar e  presented ,  allowin g th e  designe r  t o 
evaluat e  alternativ e  solution s  i n  relatio n t o  th e  solar-therma l  propertie s 
a s  wel l  a s  functional ,  aestheti c  an d othe r  factor s  involved . 

10 1 
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CRITERI A FO R TH E US E O F ATTACHED SU N SPACE S 

Fou r  criteri a  ar e  propose d t o  identif y  climati c  variable s  tha t  favou r  th e 
us e  o f  attache d su n spaces .  Th e  criteri a  adopte d ar e  usefu l  sola r  heat , 
avoidanc e  o f  summe r  overheating ,  win d protectio n an d lo w rainfall .  The y 
defin e  th e  geographica l  regio n wher e  benefit s  o f  su n space s  ar e  optimized . 

1.  Usefu l  Sola r  Heat :  Th e  usefu l  sola r  hea t  i s  th e  energ y receive d b y th e 
su n spac e  an d transmitte d throug h th e  share d wal l  t o  th e  building ,  whe n thi s 
i s  required ,  replacin g conventiona l  fuel s  an d improvin g comfor t  conditions . 
Th e  usefu l  sola r  hea t  gai n wa s  estimate d fo r  6 0 towns ,  2 0 su n spac e  design s 
an d thre e  insulatio n levels .  Th e  Passiv e  Sola r  Handboo k Metho d (Balcom b an d 
Jones ,  1983 )  wa s  adopted ,  usin g dat a  prepare d fo r  Argentin a  (Fabri s  an d 
Yarke ,  1986) .  Figur e  1  show s  th e  typica l  variatio n o f  usefu l  sola r  hea t 
gai n i n  Argentin a  fo r  a  su n spac e  wit h doubl e  glazing ,  vertica l  wall s  an d 
30 1 roo f  slope ,  opaqu e  insulate d latera l  walls ,  withou t  nigh t  insulation . 
Th e  rat e  o f  dwellin g hea t  los s  pe r  uni t  temperatur e  differenc e  pe r  uni t  are a 
o f  dwelling/su n spac e  wal l  i s  8.4 5 Watts/m2 fC.  Othe r  configuration s  sho w 
simila r  distribution s  wit h mino r  variation s  an d a  clea r  genera l  tendency : 

i ) .  Th e  lo w latitude ,  lo w altitud e  regio n i n  th e  nort h ha s  lo w usefu l  sola r 
hea t  gain ,  du e  t o  th e  mil d winter s  wit h lo w heatin g demand , 

i i ) .  Th e  wester n limi t  o f  th e  country ,  wit h hig h altitudes ,  ha s  hig h deman d 
du e  t o  lo w temperatures ,  couple d wit h hig h sola r  radiatio n intensities . 

iii).Th e  usefu l  sola r  energ y increase s  a t  highe r  latitude s  i n  th e  centr e  an d 
sout h du e  t o  colde r  an d longe r  winters ,  whic h increas e  hea t  demand , 

iv) .  I n  th e  fa r  sout h an d west ,  usefu l  sola r  energ y diminishe s  slightl y  du e 
t o  lo w angl e  winte r  su n an d increase d clou d cover . 

2 .  Summe r  Overheating :  Attache d su n space s  ar e  pron e  t o  summe r  overheating , 
a s  the y ar e  difficul t  t o  shad e  fro m hig h angl e  sun .  Overheatin g ca n b e 
controlle d i n  region s  wher e  th e  maximu m averag e  monthl y temperature s  d o no t 
excee d th e  uppe r  comfor t  limit .  Wit h goo d ventilation ,  su n space s  wil l 
rarel y excee d comfor t  level s  an d hea t  transfe r  t o  th e  dwellin g wil l  b e  lo w 
an d unlikel y t o  caus e  unwante d temperatur e  increases .  A  maximu m monthl y 
temperatur e  o f  25* C wa s  chose n a s  th e  propose d uppe r  limi t  t o  contro l 
overheatin g o f  th e  su n space .  I n  area s  o f  hig h temperatur e  swings ,  partia l 
heatin g ma y b e  require d a t  night ,  eve n thoug h daytim e  temperature s  ar e 
comfortabl e  o r  hot .  I n  thi s  case ,  a  heavy ,  hig h hea t  capacit y  wal l  betwee n 
sun-spac e  an d dwellin g ca n provid e  a  usefu l  fly-whee l  effect ,  delayin g hea t 
transfe r  fo r  severa l  hours .  Th e  su n spac e  itsel f  ma y suffe r  fro m hig h midda y 
temperatures ,  bu t  th e  dwellin g stil l  benefits .  A  maximu m averag e  monthl y 
temperatur e  o f  20' C i s  propose d t o  avoi d overheatin g o f  th e  dwellin g whe n 
th e  summe r  rang e  exceed s  15'C .  Figur e  2  show s  th e  area s  define d usin g recen t 
met .  dat a  (S.M.N .  1986) .  Th e  hig h altitud e  regio n i n  th e  nort h an d wes t  o f 
th e  countr y i s  exclude d usin g thes e  criteria . 

3.  Win d protection :  Th e  patagonia n regio n i s  characterize d b y ver y stron g 
an d persisten t  winds .  Th e  attache d su n spac e  provide s  a n intermediat e 
indoor/outdoo r  spac e  protecte d fro m thes e  winds .  Figur e  3  indicate s  th e 
distributio n o f  averag e  annua l  win d speed s  whic h hav e  maximu m value s  o n th e 
souther n atlanti c  coast . 

4 .  Lo w rainfall :  Attache d su n space s  ma y als o b e  use d fo r  cultivatin g 
plants ,  protecte d fro m lo w temperatures .  Plant s  ma y requir e  partia l  winte r 
heatin g t o  avoi d frost s  a s  attache d su n space s  ar e  inherentl y  badl y 
insulated .  Plant s  ma y als o requir e  protectio n fro m excessiv e  temperature s  i n 
summe r  usin g th e  previousl y propose d criteria . 
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Th e  possibilit y  o f  cultivatin g plant s  i n  attache d su n space s  provide s 
additiona l  benefit s  i n  Patagonia ,  a s  th e  combinatio n o f  climati c  factor s 
limit s  cultivatio n i n  conventiona l  gardens :  ver y lo w rainfall ,  lo w 
temperature s  an d hig h winds .  Figur e  3  als o show s  rainfal l  distributio n i n 
Argentina .  Th e  hatche d are a  ha s  a n annua l  averag e  rainfal l  o f  les s  tha n 50 0 
mm,  th e  minimu m require d fo r  tre e  growt h withou t  artificia l  irrigation . 
Humidit y  fro m su n space s  ca n als o improv e  indoo r  comfor t  i n  thi s  dr y region . 

Th e  fou r  criteri a  relate d t o  climati c  variable s  allo w th e  definitio n o f  th e 
regio n wher e  attache d su n space s  ca n b e  use d wit h greates t  benefit .  Thi s 
regio n i s  show n i n Fig .  4  an d extend s  ove r  th e  greate r  par t  o f  Souther n 
Patagonia .  Althoug h th e  usefu l  hea t  gai n i s  slightl y  les s  i n  th e  fa r  south , 
(Tierr a  de l  Fuego) ,  attache d su n space s  stil l  provid e  a n attractiv e  an d 
energeticall y  usefu l  additio n t o  dwellings .  Thi s  evaluatio n define s  a  regio n 
whic h coincide s  wit h th e  zon e  wher e  glaze d gallerie s  ar e  foun d i n  th e 
traditiona l  "estancias "  (shee p farms )  i n  th e  sout h o f  Patagonia . 

KWhour s  / m 2 

(  15 0 ^ o 

Fig.l .  Usefu l  sola r  hea t  gain . 

20°  C 
Av.  maximu m 

ê temperatur e 
l-> o Jan . 

Fig.2 .  Avoidanc e  o f  overheating . 

Fig.4 .  Zon e  fo r  attache d su n spaces . Fig.3 .  Win d an d rai n criteria . 
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OPTIMIZIN G USEFU L SOLA R GAI N 

Th e  compariso n betwee n differen t  su n spac e  design s  i n  th e  sam e  localit y 
indicate s  th e  desig n variable s  tha t  influenc e  usefu l  sola r  gain ,  suc h a s  us e 
o f  nocturna l  insulation ,  combination s  o f  vertica l  and/o r  incline d glazing , 
therma l  propertie s  o f  th e  wal l  betwee n su n spac e  an d dwellin g an d treatmen t 
o f  th e  latera l  wall s  o f  th e  su n space :  glazed ,  insulate d o r  share d wit h th e 
dwelling .  Th e  followin g recommendation s  wil l  improv e  sola r  gain s  though t 
variation s  i n  usefu l  sola r  gai n wit h differen t  design s  ar e  ofte n smal l  an d 
th e  relativ e  importanc e  o f  alternative s  als o varie s  slightl y  wit h latitude : 

1.  Nocturna l  Insulation :  Th e  variabl e  tha t  provide s  th e  greates t  increas e  i n 
usefu l  hea t  gai n i s  effectiv e  nigh t  insulation .  Thi s  mus t  b e  provide d i n  th e 
for m o f  insulate d shutters ,  whic h reduc e  nigh t  hea t  losse s  withou t 
interruptin g daytim e  gain s  wit h ope n shutters .  Thi s  elemen t  i s  especiall y 
beneficia l  i n  th e  fa r  sout h wher e  nigh t  temperature s  ar e  lowest .  Despit e  th e 
benefits ,  effectiv e  insulate d shutter s  ar e  difficul t  t o  desig n an d costl y  t o 
install ,  especiall y  i n  th e  hig h win d spee d are a  i n  souther n Argentina .  I n 
practice ,  insulate d shutter s  ar e  rarel y use d wit h attache d su n spaces . 

2 .  Geometry :  Th e  geometri c  configuratio n o f  th e  attache d su n spac e  i s  th e 
secon d mos t  importan t  desig n variable .  50 * incline d glazin g wa s  foun d t o 
provid e  mor e  sola r  energy ;  vertica l  an d 30 1 glazin g giv e  averag e  level s  an d 
vertica l  glazing ,  (glaze d galleries )  provid e  lowe r  levels .  Althoug h glaze d 
gallerie s  wit h vertica l  glazin g ar e  th e  leas t  efficien t  a s  sola r  systems , 
the y ar e  th e  easies t  t o  protec t  fro m su n an d hail .  A n eas t  facin g galler y o f 
thi s  typ e  ha s  bee n incorporate d i n  th e  sola r  hous e  a t  Abr a  Pampa ,  wit h 
positiv e  result s  (Lesino ,  e t  al ,  1990) .  I t  provide s  usefu l  mornin g hea t  an d 
humidity ,  whil e  avoidin g midda y overheating . 

3.  Wal l  betwee n dwellin g an d su n space :  Ther e  ar e  thre e  alternative s  fo r 
wall s  betwee n attache d su n space s  an d dwellings ,  allowin g energ y transfe r  b y 
radiation ,  convectio n o r  transmission .  A  glaze d wal l  transmit s  direc t  sola r 
radiation ,  especiall y  wit h lo w angl e  winte r  su n whic h ca n penetrat e  directl y 
int o th e  dwelling ,  afte r  passin g throug h th e  su n space .  However ,  glaze d 
wall s  transfor m su n space s  int o rathe r  mor e  elaborat e  direc t  gai n systems , 
wher e  th e  mai n sola r  gai n i s  receive d directl y  i n  th e  dwellin g space .  A 
heavy ,  hig h hea t  capacit y  wal l  o f  dens e  bric k o r  concret e  receive s  sola r 
energ y o n th e  inne r  su n spac e  wal l  an d transmit s  thi s  t o  th e  dwellin g b y 
conduction ,  wit h a  tim e  lag .  A n insulate d lightweigh t  wal l  wit h controllabl e 
hig h an d lo w leve l  vent s  allow s  hea t  transfe r  b y convection .  Th e  evaluatio n 
show s  tha t  th e  convectiv e  transfe r  i s  no t  a s  effectiv e  a s  th e  conductio n 
tranfer ,  eve n whe n th e  improve d insulatio n t o  reduc e  hea t  losse s  i s  take n 
int o account . 

Hig h hea t  capacit y  wall s  ar e  therefor e  prefered ;  the y als o avoi d movin g 
part s  o r  controls .  I n  practice ,  th e  thre e  alternative s  ca n b e  combine d i n 
th e  sam e  wall ;  window s  o r  glaze d door s  allo w direc t  gai n an d convection , 
whil e  a  heav y wal l  provide s  accumulatio n an d transmission .  Glaze d opening s 
shoul d no t  excee d on e  thir d o f  th e  dwelling/su n spac e  wal l  an d incorporat e 
doubl e  glazin g o r  interna l  insulate d shutter s  t o  reduc e  nigh t  hea t  loss . 

4 .  Latera l  walls :  Th e  treatmen t  o f  latera l  wall s  als o affect s  th e  efficienc y 
o f  su n spaces .  I t  wa s  foun d tha t  opaqu e  insulate d wall s  performe d slight y 
bette r  tha n glaze d latera l  wall s  (attache d su n spaces )  o r  latera l  wall s 
share d wit h th e  dwellin g (intergrate d su n spaces) ,  throug h difference s  ar e 
no t  significant . 
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1st Priority : 
Njght insulation . 

2nd Priority : 

Geometry . 

Link wall. 

Latera l wall. 

Alternative s Ã 50° glazin g 
2 3 0 ° + 9 0 ° 
3 Vertica l 

1 High hea t capacit y 1 Opaqu e 
2 Insulate d wall 2 Transparen t 

and vents 3 Dwelling 

Fig .  5 .  Orde r  o f  priorit y  fo r  desig n alternative s 

CONCLUSIONS 

Su n space s  ma y b e  difficul t  t o  justif y  a s  passiv e  sola r  system s  t o  provid e 
partia l  energ y t o  dwellings .  However ,  the y offe r  othe r  advantage s  t o  improv e 
th e  qualit y  o f  life ,  especiall y  i n  th e  inhospitabl e  patagonia n region ,  wher e 
the y provid e  mov e  useful l  sola r  energ y tha n i n  othe r  region s  o f  Argentina . 
I n  thi s  regio n summe r  overheating.ca n b e  controlled ,  win d protecte d space s 
ar e  require d an d indoo r  plant s  ca n compensat e  fo r  scarc e  natura l  vegetation . 

However ,  th e  us e  o f  th e  su n spac e  i n  differen t  season s  depend s  o n th e 
duratio n o f  comfortabl e  temperatures .  Hig h temperatur e  swings ,  convectio n 
currents ,  partia l  shadin g an d stratificatio n mak e  confor t  analysi s  eve n mor e 
complicated .  A  tes t  cel l  ha s  bee n constructe d i n  th e  Facult y  o f  Architectur e 
t o  stud y thes e  problems .  Measurement s  ar e  i n  progres s  an d a  computo r  mode l 
fo r  th e  predictio n o f  su n spac e  performac e  i s  bein g calibrated .  Desig n 
guideline s  wil l  b e  furthe r  develope d whe n th e  result s  o f  measurement s  i n  th e 
tes t  cel l  an d outpu t  fro m th e  mode l  becom e  available . 
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PASSIV E SULA R BUILDIN G DESIG N I N TH E HUNGARIAN BUILDIN G INDUSTR Y 
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ADoTHACT 

Th e  applicatio n an d th e  resul t  o f  th e  passiv e  sola r  architectur e  uepend s 

primarel y o n th e  knowledg e  o f  th e  architect-designer s  an d o n th e  qualit y 

o f  th e  constructio n proces s  itsel f  too .  Ther e  ar e  ne w development s  i n 

th e  Hungaria n buildin g industr y too .  Ther e  ha s  finishe d a  ne w regulatio n 

whic h i s  no w concentrate d ont o th e  sola r  technology .  Ther e  ha s  prepare d 

a  dat a  ban k o f  th e  building s  tested ,  whic h experience s  ar e  availabl e  fo r 

al l  th e  designers ,  ther e  hav e  establishe d ne w educationa l  program s  fo r 

differen t  educationa l  level s  o n passiv e  solar .  Ther e  ar e  collecte d th e 

possibl e  failure s  indicatin g th e  way s  ho w t o repai r  those .  Becaus e  o f 

th e  grea t  volum e  o f  th e  reconstructio n design ,  ther e  ar e  man y instruc -

tion s  fo r  thes e  works .  Al l  thes e  work s  ar e  directe d an d connecte d b y a 

comple x marketin g wor k whic h on e  provide s  th e  succes s  o f  th e  program . 

KEYWORDS 

Standards ,  informations ,  education ,  reconstruction ,  marketing ,  comfort -

design . 

STANDARDS 

Fo r  th e  modernizatio n o f  th e  regulation s  ther e  wer e  carrie d o n a  ver y 

comprehensiv e  researc h i n  th e  las t  fe w year s  i n  Hungar y an d a s  th e  r e -

sul t  o f  it ,  wa s  prepare d th e  ne w prescriptio n i n  1989 .  Th e  ne w regula -

tio n i s  concentrate d t o  th e  sola r  energy .  I ts '  requirement s  ar e  give n 
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fo r  th e  specifi c  volum e  o f  th e  building .  iVit h th e  calculatio n method s 

an d dat a  th e  regulatio n help s  t o  determin e  th e  applicabl e  amoun t  o f  so -

la r  energy .  I t  give s  severa l  possibilitie s  t o  fulfi l  th e  energetica l 

demands ,  s o i t  urge s  t o  us e  th e  sola r  radiatio n energ y o n differen t 

way s  /  e.g. :  therma l  insulatio n / .  Therefor e  i t  initiate s  t o  us e  th e 

sola r  energ y i n  th e  buildings . 

RECONSTRUCTION 

Besid e  th e  constructio n o f  th e  ne w buildings ,  -  becaus e  o f  th e  slo n in -

creas e  i n  thei r  volum e  -  i t  i s  ver y importan t  th e  proble m o f  th e  exis -

tin g buildings .  I n  th e  sam e  tim e  whe n th e  sola r  energ y system s  ar e  in -

tegrate d t o  ol d building s  ther e  i s  necessar y t o  appl y a  control-syste m 

t o contro l  th e  traditiona l  heatin g system .  Her e  i s  on e  o f  th e  point , 

wher e  th e  architectura l  an d th e  buildin g physic s  knowledg e  hav e  t o  b e 

connected .  Ther e  ar e  severa l  method s  t o  appl y passiv e  element s  i n  ol d 

buildings ,  lik e  insulating-shadin g constructions .  I n  th e  cas e  o f  reconst -

ructio n fo r  exampl e  sometime s  ther e  i s  a  nee d t o  chang e  th e  flooring -

syste m an d i n  thi s  cas e  i t  i s  possibl e  t o  improv e  th e  activ e  therma l 

storag e  capacit y  o f  th e  buildings .  B y a  genera l  reconstructio n ca n pre -

par e  a  subsequen t  therma l  insulatin g work ,  an d ca n ad d a  ne w green-hous e 

t o  th e  ol d building .  Th e  possibilitie s  o f  th e  change s  i n  th e  orientatio n 

o f  a n existin g buildin g need s  mor e  modificatio n i n  it* s  functiona l  arran -

gement ,  bu t  i n  som e  cas e  thi s  wor k als o help s  t o  th e  energ y econom y o f 

th e  building .  Suc h a  modificatio n i s  usefu l  jus t  i n  tha t  case ,  i f  th e 

agein g o f  th e  ver y buildin g itsel f  need s  als o a  genera l  reconstruction . 

Th e  reconstructio n wor k cost s  muc h mor e  tha n a  constructio n o f  a  ne w 

building ,  s o th e  result s  ar e  als o restricted .  Therefor e  i t  need s  ver y ca -

refu l  desig n work ,  becaus e  the y hav e  t o  coun t  wit h man y existin g factors . 

DATA O F TH E EXISTIN G PASSIV E BUILDING S 

Ther e  i s  a  nee d t o  kno w th e  prope r  informatio n fro m th e  method s  an d 

possibilitie s  teste d earlier .  I t  means ,  tha t  i t  i s  a n importan t  dat a  ho w 

th e  passiv e  element s  wor k i n  th e  rea l  buil t  construction ,  becaus e  tha t 

depend s  o n th e  constructio n proces s  a s  well .  Thi s  elaboratio n o f  th e 

data-collectio n wa s  carrie d o n i n  th e  sam e  tim e  o f  th e  elaboratio n o f 

th e  ne w standards .  Thes e  evaluation s  giv e  informatio n abou t  th e  possibl e 

failure s  also ,  an d orientatio n fo r  th e  furthe r  development s  an d research . 



108 

EDUCATION 

Fo r  th e  effectiv e  wor k o n th e  fiel d  o f  passiv e  sola r  desig n i t  i s  neede d 

t o  educat e  th e  worker s  i n  th e  industry ,  th e  researchers ,  th e  developers , 

th e  architects ,  th e  mechanica l  engineers ,  th e  contributors ,  th e  contrac -

tor s  a t  eac h level .  Thi s  educatio n ha s  t o  b e  presen t  no t  onl y a t  th e 

technica l  field .  Becaus e  o f  i t  complexit y  i t  i s  importan t  t o  involv e 

int o thi s  activit y  th e  problem s  o f  th e  economy ,  environment ,  comfort -

studies ,  etc .  Th e  ai m o f  th e  educatio n i s  t o  giv e  t o  th e  prope r  peopl e 

th e  prope r  knowledg e  fro m th e  researc h an d fro m th e  industr y a s  well ,  a s 

soo n a s  possible .  Fo r  thi s  poin t  o f  vie w i t  i s  importan t  fo r  th e  educa -

tor s  t o  hav e  a  ver y clos e  connectio n wit h th e  industr y an d researc h ins -

t itute s  too . 

THE MARKETING ACTIVIT Y O F TH E DESIGNE R 

Th e  mai n rol e  o f  th e  architect-designe r  i s  t o  facilitat e  th e  communica -

tio n betwee n th e  demand s  o f  th e  user s  an d th e  product s  o f  th e  industr y 

by th e  particula r  method s  o f  th e  design .  T o fulfi l  thi s  rol e  th e  desig -

ne r  need s  als o informatio n o n th e  ne w product s  appeare d i n  th e  marke t 

an d abou t  th e  ne w standards ,  etc .  O n th e  bas e  o f  thes e  knowledg e  ca n 

carr y o n th e  specia l  sola r  marketin g wor k th e  architec t  designe r  too . 

SUMMARY 

Th e  abov e  comple x coordinate d activit y  i s  necessar y fo r  th e  effectiv e 

passiv e  sola r  building .  Therefor e  i n  th e  buildin g industr y i t  need s  th e 

cooperatio n o f  differen t  institutes ,  factories ,  companies ,  universities , 

professions. . 
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Program a  d e  Investigacio n "Habita t  y  Energia " 
Faculta d d e  Arquitectura ,  Universida d d e  Bueno s  Aires , 

Pabello n 3 ,  Pis o 4 ,  Ciuda d Universitaria , 
(1428 )  Capita l  Federal ,  Republic a  Argentina . 

ABSTRACT 

I n souther n Argentina ,  th e  usefu l  sola r  energ y receive d i n  conventiona l 
housin g an d passiv e  sola r  system s  increase s  u p t o  latitude s  47 '  -  50' S du e 
t o  th e  highe r  heatin g deman d an d th e  longe r  heatin g season .  Thi s  pape r 
analyse s  th e  problem s  o f  protectin g sola r  right s  an d avoidin g over-shadowin g 
a t  thes e  hig h latitudes .  Recommendation s  fo r  plannin g criteri a  ar e  give n fo r 
hig h latitudes ,  base d o n a  stud y o f  sola r  energ y resource s  an d heatin g 
deman d i n  ove r  10 0 town s  i n  Argentin a  fro m latitud e  22' S t o  55'S .  Densitie s 
ar e  indicate d fo r  differen t  subdivisio n characteristic s  an d desig n 
guideline s  ar e  give n fo r  sola r  acces s  i n  hig h latitudes . 

KEYWORDS 

Buildin g densities ;  hig h latitudes ;  plannin g codes ;  sola r  radiation ; 
subdivisions ;  sunlight ;  Argentina . 

INTRODUCTION 

Continenta l  Argentin a  stretche s  fro m latitud e  22 fS t o  55 !S an d ha s  a  wid e 
rang e  o f  climate s  an d varyin g sola r  energ y resource s  accordin g t o  latitude , 
altitude ,  clou d cover ,  etc. .  Thi s  stud y aim s  t o  identif y  criteri a  fo r 
housin g sunligh t  standard s  i n  thes e  differen t  regions ,  a s  th e  widesprea d 
benefi t  o f  sola r  energ y ca n onl y b e  assure d whe n ther e  i s  effectiv e  buildin g 
contro l  t o  avoi d excessiv e  overshadowin g an d protec t  sola r  rights .  Plannin g 
code s  ca n ensur e  adequat e  winte r  su n withou t  unduel y limitin g buildin g 
height s  an d densitie s  a t  latitude s  u p t o  40' S (Evan s  an d d e  Schiller , 
1988a) .  Sunligh t  i s  mor e  difficul t  t o  ensur e  a t  highe r  latitude s  wher e 
winte r  su n i s  lowe r  an d shadow s  ar e  longer . 

Thi s  pape r  analyse s  heatin g requirements ,  sola r  energ y resourse s  an d sola r 
geometr y i n  hig h latitude s  o f  Argentina ,  wher e  usefu l  sola r  hea t  i s 
availabl e  (Evan s  an d d e  Schiller ,  1988b) .  Recommende d densitie s  an d desig n 
guideline s  ar e  proposed ,  base d o n th e  maximu m dimensiona l  buildin g limit s  t o 
contro l  overshadin g o f  adjacen t  plots . 

10 9 
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EXISTIN G SOLA R RIGHT S AN D STANDARDS 

Sola r  right s  wer e  promote d i n  th e  Unite d State s  durin g th e  1970*s ,  t o 
ensur e  tha t  collector s  wer e  no t  overshadowe d b y adjacen t  buildings .  Sinc e 
thes e  wer e  ofte n place d o n roofs ,  som e  proposal s  emphasise d sola r  right s  fo r 
thi s  surfac e  (Arum i  an d Dodge ,  1977) .  Late r  studie s  propose d simila r 
safeguard s  fo r  fachades ,  wit h reduce d sola r  exposur e  (Knowles ,  1981) . 

Sunligh t  standard s  fo r  housing ,  whic h ar e  use d i n  mos t  o f  norther n europea n 
countrie s  sinc e  th e  1950 fs ,  usuall y  requir e  1  o r  2  hour s  o f  direc t  su n i n  a 
proportio n o f  habitabl e  room s  o n a  specifie d dat e  wit h additiona l  condition s 
suc h a s  maximu m angle s  o f  incidenc e  an d minimu m sola r  altitude .  Lo w su n ha s 
wea k radiatio n intensitie s  an d ma y b e  blocke d b y distan t  obstacles ,  whil e 
hig h angle s  o f  incidenc e  reduc e  radiatio n transmite d throug h glazin g an d 
wal l  thicknes s  ma y shad e  direc t  sun . 

An analysi s  o f  thes e  existin g standard s  an d proposal s  indicate s  tha t  the y 
ofte n depen d o n latitud e  an d availabilit y  o f  direc t  sunlight .  I n  hig h 
latitude s  wit h increase d winte r  clou d cover ,  date s  furthe r  fro m th e  winte r 
solstic e  ar e  chose n an d fewe r  hour s  o f  su n ar e  required .  Minimu m sunligh t 
hour s  als o depen d o n sola r  energ y use :  fla t  plat e  collector s  an d passiv e 
sola r  system s  requir e  mor e  su n tha n domesti c  windows . 

ZONES FO R TH E APPLICATIO N O F SOLA R RIGHT S I N ARGENTINA 

Informatio n o n th e  heatin g deman d an d sola r  energ y availabilit y  (S.M.N. , 
1986 ;  Pracchi a  e t  al. ,  1986 )  wa s  prepare d fo r  11 3 localitie s  i n  Argentina , 
usin g monthl y dat a  o f  sola r  radiation ,  hea t  demand ,  latitude ,  altitude , 
etc. .  Thi s  dat a  wa s  use d t o  determin e  region s  wher e  simila r  condition s 
indicat e  th e  nee d fo r  commo n response s  t o  "sola r  access" .  Hea t  deman d an d 
sola r  radiatio n durin g th e  fou r  winte r  month s  wer e  studied .  Tw o climati c 
criteria ,  radiatio n an d degre e  days ,  coincide d wit h locationa l  criteria , 
latitud e  an d altitude ,  t o  defin e  6  zones ,  show n i n Tabl e  1  an d Fig .  1 . 

Tabl e  1 .  Zone s  fo r  th e  applicatio n o f  sola r  right s  i n  Argentina . 

Zon e  Sola r  radiatio n Degre e  day s  Latitud e  Altitud e 

Zon e  1 
Zon e  2 
Zon e  3 
Zon e  4 
Zon e  5 
Zon e  6 

> 6  KJ/m 2 
> 4  &  <  6  KJ/m 2 
> 6  KJ/m 2 
> 4  &  <  6  KJ/m 2 
> 3  &  <  6  KJ/m 2 
< 4  KJ/m 2 

> 15 0 /  mont h 
< 15 0 /  mont h 
> 22 0 /  mont h 
150-22 0 /  mont h 
> 22 0 /  mont h 
> 40 0 /  mont h 

22' S t o  30' S 
22' S t o  30' S 
30' S t o  38' S 
30* S t o  38' S 
38' S t o  47' S 
4 7 fS t o  55' S 

> 100 0 m 
< 100 0 m 
> 60 0 m 
< 100 0 m 

DEVELOPING CRITERI A FO R SOLA R RIGHT S 

Studie s  wer e  mad e  o f  typica l  subdivision s  an d existin g privat e  secto r 
an d governmen t  finance d project s  t o  determin e  th e  rang e  o f  typica l  plo t 
sizes ,  set-back s  fro m plo t  boundarie s  an d critica l  relationship s  fo r 
receivin g sunligh t  i n  corne r  plots .  A  sprea d shee t  wa s  use d t o  calculat e 
maximu m plo t  ratios ,  buildin g densitie s  an d populatio n densitie s  accordin g 
t o  plo t  sizes ,  sunligh t  standards ,  floo r  heights ,  buildin g depths ,  set -
backs ,  heigh t  plo t  boundar y wall s  an d spac e  standards .  Thes e  variable s  appl y 
th e  limitin g plane s  fro m Tabl e  2 ,  whic h indicat e  th e  maximu m dimensiona l 
limit s  o f  building s  t o  avoi d overshadowin g o f  adjacen t  building s  an d plots . 



111 

Tabl e  2 .  Angle s  o f  incline d plane s  tha t  for m th e  sola r  envelop e  t o 
provid e  2  hour s  o f  direc t  sunlight . 

Dat e  Latitud e  Orientatio n o f  th e  plo t  boundary ;  eas t  o r  wes t  o f  north . 
0 10 20 30 4 0 5 0 60 70 80 90 JO O 

22/ 6 54. 8 - - - 11 12 14 10 - - -
53. 8 12 12 13 13 15 15 13 - - -
51. 6 14 14 15 17 19 18 16 13 - -
49. 3 16 16 18 20 22 21 19 15 - -
47. 7 18 18 20 23 24 23 20 17 - -
45. 0 20 21 23 26 27 25 24 20 15 -
42. 0 23 24 26 30 30 29 26 23 17 12 

15/ 7 54. 8 12 13 14 15 17 16 15 - - -
53. 8 13 14 15 17 18 18 16 10 - -
5.1. 6 16 16 18 20 21 20 18 15 - -
49. 3 18 19 20 23 2 4 22 21 17 - -
47. 7 20 20 22 25 25 2 4 23 19 14 -

30/ 7 54. 8 16 16 18 20 21 20 18 15 - -
53. 8 17 17 19 22 22 21 19 16 - -
51. 6 19 20 22 2 4 24 23 21 18 14 -
49. 3 21 22 24 27 27 26 23 21 16 -
47. 7 23 24 26 29 29 28 25 22 17 10 

Notes :  Minimu m sola r  altitud e  =  1 0 1.  Maximu m angl e  o f  Incidenc e  = 6 7 . 5 
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Fi g 1 .  Region s  fo r  th e  applicatio n o f  sola r  acces s  standard s 
a ) .  Sola r  region s  (Tabl e  1 ) ,  h ) .  Radiatio n an d degre e  day s 

Wall s  a t  th e  plo t  boundar y wil l  shad e  par t  o f  th e  plot .  Wit h partia l 
shading ,  highe r  densitie s  ca n b e  achieved ,  s o tw o case s  wer e  considered : 
i ) .  Withou t  wall s  a t  th e  plo t  boundaries ,  plane s  star t  a t  0, 0  in . 
i i ) .  Wall s  a t  plo t  boundaries ,  plane s  star t  a t  a  heigh t  o f  2, 5  m. 
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I n Zone s  1  t o  4  (latitude s  u p t o  38'S) ,  reasonabl e  densitie s  fo r  housin g 
layout s  ca n b e  achieve d wit h 2  hour s  o f  sun ,  a s  hig h angl e  su n doe s  no t 
requir e  wid e  space s  betwee n building s  o n th e  winte r  solstice .  4  hour s  o f 
direc t  sunligh t  ma y b e  receive d a t  mediu m residentia l  densities ,  bu t  6  hour s 
o f  su n require s  limitation s  o f  orientation :  Nort h +/ -  30* . 

I n  Zon e  5 ,  sola r  acces s  i s  mor e  difficul t  a s  plannin g limitation s  ar e  mor e 
restrictive .  I t  i s  stil l  possibl e  t o  receiv e  mid-winte r  su n thoug h thi s  wil l 
resul t  i n  reduce d densities ,  especiall y  i n  th e  south .  Densitie s  an d buildin g 
height s  hav e  t o  b e  progressivel y decrease d a s  latitude s  increase . 

I n  zon e  6 ,  i t  i s  ver y difficul t  t o  achiev e  a  standar d o f  2  hour s  o f  su n o n 
principa l  buildin g fachade s  durin g th e  winte r  solstic e  wit h reasonabl e 
residentia l  densities :  possibl e  orientation s  ar e  als o restricted .  Th e  dat e 
fo r  establishin g sunligh t  standard s  an d maximu m densitie s  mus t  b e  adjuste d 
t o  achiev e  a  balanc e  betwee n economy ,  sunligh t  an d othe r  desig n factors . 

Tabl e  3  show s  th e  plo t  densitie s  tha t  ca n b e  achieve d usin g incline d plane s 
fro m Tabl e  2  t o  for m a n envelop e  fo r  a  typica l  plot .  Tw o case s  ar e 
presented :  free-standin g building s  wit h set-back s  fro m al l  sit e  boundarie s 
an d building s  wit h party-wall s  o n bot h latera l  boundarie s  a s  show n i n  Fig.2 . 
Fre e  standin g building s  i n  smal l  plot s  mus t  hav e  lo w densitie s  t o  allo w 
direc t  sunligh t  i n  adjacen t  plots ;  plo t  size s  shoul d excee d 2 0 m  ÷  4 0 m  t o 
achiev e  usefu l  densities .  Sola r  envelope s  fo r  building s  wit h part y  wall s 
allo w plo t  ratio s  betwee n 1  an d 2 ,  eve n i n  hig h latitudes . 

Í  3 „ ö NE - NW 2 h s ( ^ E - W 2 h s ( J ) 

/ 

^ 

-" > Ë i 
V f i t I 

> l 

0" 
Fi g 2 .  Example s  o f  sola r  envelope s  i n  Ri o Gallegos ,  latitud e  50 fS 

t o  allo w 2  hour s  o f  su n i n  adjacen t  plot s  a t  2. 5  m . 
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RECOMMENDATIONS FO R SOLA R STANDARDS I N HIG H LATITUDE S 

Th e  followin g recommendation s  ar e  base d o n ou r  studie s  o f  buildin g for m an d 
densit y  i n  relatio n t o  sunligh t  o n fachade s  wit h differen t  orientations : 

Al l  housin g shoul d receiv e  a t  leas t  2  hour s  o f  direc t  winte r  sunligh t 
throug h window s  i n  mai n fachades .  A t  leas t  hal f  o f  th e  habitabl e  room s  o f 
eac h dwelling ,  includin g th e  livin g room ,  shoul d hav e  window s  o n thi s 
fachade .  Date s  (an d sola r  declination )  fo r  verifyin g winte r  su n ar e  a s 
follows :  betwee n lat .  52' S an d 5 5 !S (Tierr a  de l  Fuego) ,  Jul y 3 0 (18.42) ; 
betwee n lat .  48' S an d 5 2 fS (sout h o f  Sant a  Cru z  Province) ,  Jul y 15t h 
(21.52) ;  nort h o f  lat .  48' S (centr e  an d nort h o f  Sant a  Cru z  Province) , 
winte r  solstice :  Jun e  2 2 (23.45) . 

Thes e  window s  shoul d b e  place d i n  nort h facin g fachades ,  wit h a  maximu m 
deviatio n o f  70 1 t o  th e  Å  o r  W o f  Í  t o  receiv e  2  hour s  o f  sun .  Direc t  su n i s 
no t  considere d usefu l  an d i s  discounte d whe n th e  angl e  o f  incidenc e  exceed s 
67.5 '  o r  whe n th e  sola r  altitud e  i s  belo w 1 0 f. 

When building s  ar e  groupe d i n  paralle l  rows ,  th e  relatio n betwee n buildin g 
heigh t  an d distanc e  betwee n building s  shoul d allo w a n angl e  o f  15 '  betwee n a 
horizonta l  plan e  an d a n incline d plan e  projecte d fro m th e  sil l  o f  th e  windo w 
t o th e  highes t  poin t  o f  th e  roo f  o f  opposit e  buildings .  Window s  orientate d 
betwee n 20 '  t o  60 '  Å  o r  20 1 t o  60 1 W,  allo w reduce d distance s  betwee n 
buildings ,  wit h a  plan e  incline d a t  18' .  Alternatively ,  house s  ma y b e 
designe d t o  receiv e  1  hou r  o f  su n o n Å  an d W fachade s  wit h limitin g incline d 
plane s  o f  15 * o n bot h side s  o f  th e  building .  Street s  wit h continuou s  row s  o f 
building s  orientate d E- W wil l  hav e  permanen t  shad e  i n  winter ,  an d ma y suffe r 
fro m ic e  an d sno w accumulation .  Space s  betwee n paralle l  building s  wit h a 
NE-S W o r  NW-S E orientatio n wil l  hav e  mor e  direc t  sunlight . 

I n  collectiv e  housin g projects ,  a s  oppose d t o  singl e  famil y dwelling s  i n 
individua l  plots ,  u p t o  10 % o f  th e  dwelling s  ma y receiv e  les s  tha n 2  hour s 
o f  direc t  sunlight ,  i f  thi s  allow s  othe r  benefit s  suc h a s  close r  groupin g 
fo r  energ y saving s  o r  win d protection .  Thes e  dwelling s  mus t  hav e  a  vie w ont o 
a  spac e  wit h a  minimu m o f  2  hour s  o f  direc t  winte r  sunlight . 

Wit h comple x buildin g form s  o r  specia l  cases ,  graphica l  method s  o r  mode l 
studie s  ma y b e  use d t o  tes t  an d improv e  direc t  sunligh t  standards .  Usin g 
thes e  methods ,  i t  ma y b e  possibl e  t o  achiev e  slightl y  close r  groupin g o f 
building s  tha n tha t  indicate d i n  thes e  genera l  recommendations . 

Tabl e  3 .  Rang e  o f  buildin g densit y  (buildin g are a  a s  a  proportio n 
o f  ne t  sit e  area )  fo r  typica l  residentia l  plots . 

Buildin g type :  Wit h fre e  perimetr e  Wit h latera l  part y  wall s 
Boundar y wal l  height : 0  m 2. 5 m 0 m 2. . 5 m 

Zon e  1  an d 2 0. 1 - 0. 5 0. 7 -  1. 0 1. 0  - 2 . 0 1. . 0 -  >  2. 0 
Zon e  3  an d 4 0. 1 - 0 . 5 0. 7 -  1. 0 0. 5  - 2 . 0 1. . 0 -  >  2. 0 

Zon e  5 0. 1 - 0 . 5 0. 7 -  1. 0 0. 5  - 2 . 0 1. 0 -  >  2. 0 

Zon e  6 0. 1 - 0. 5 0. 7 -  0. 9 0. 3  - 0. 9 1. , 0 -  2. 0 
Plo t  characteristics : Plo t 15 ÷  40 m Plo t 10 ÷  40 m 

Sid e  buildin g lin e  1.2 m Sid e  buildin g lin e  0.0 m 
Fron t  buildin g lin e  3.0 m Fron t  buildin g lin e  3.0 m 
Bac k buildin g lin e  8.0 m Bac k buildin g lin e  8.0 m 
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ßß )!5.0 m se t bac k 
Latitud e  5Ë.8 0 S  Declinatio n  18%2 " Plo t orientatio n  Í  30 ° Å 

Fig .  3 .  Us e  o f  incline d plane s  t o  for m sola r  envelopes . 

CONCLUSIONS 

Plannin g control s  t o  ensur e  reasonabl e  standard s  o f  sunligh t  i n  urba n area s 
mus t  b e  base d o n simpl e  evaluatio n criteri a  an d allo w acceptabl e  densitie s 
an d form s  o f  urba n development .  Thi s  stud y show s  tha t  simpl e  buildin g 
control s  ca n b e  incorporate d i n  plannin g code s  t o  obtai n establishe d level s 
o f  sunligh t  i n  latitude s  fro m 38' S t o  55 fS .  Thes e  standard s  ca n b e  applie d 
i n  lo w an d mediu m densit y  residentia l  area s  withou t  restrictin g existin g 
form s  o f  buildin g development .  Th e  nex t  stag e  o f  th e  stud y i s  th e  draftin g 
o f  standar d clause s  fo r  plannin g code s  i n  differen t  zone s  an d discussion s 
wit h municipa l  authoritie s  wit h a  vie w t o incorporatin g thes e  criteri a  i n 
curren t  plannin g legislation . 
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THE APPLICATIO N O F TH E DOUBLE ENVELOPE STRUCTURE WIT H 
CONVECTIVE LOO P I N A  PASSIV E SOLA R BUILDIN G 
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ABSTRACT 
Thi s  pape r  discusse s  th e  applicatio n o f  th e  doubl e  envelop e 

structur e  ùit h  convec t  iv e  Ioo p i ç  a  pass i  v e  sola r  bu i  I  d  i  n g -  Tha t 
is * th e  stabl e  ai r  i n  th e  doubl e  envelop e  loo p i s  change d t o 

c  i  rcuIa t  i  n g ai r  mo v i  n g throug h th e  passage .  Natura I  convec t  i  o n 
fro m a  sout h fa c  i  n g Tromb e  wa1 1 carr i  e s  th e  heate d ai r  u p throug h 
th e  spac e  i n  a  double-skinne d roof .  Th e  move d ai r  the n passe s  dow n 
throug h th e  nort h wal l  t o  a n undergroun d therma l  roc k storag e  bed . 
At  night * singl e  directio n damper s  preven t  th e  ai r  fro m reversing . 
Thus * th e  ai r  ga p act s  a s  a n additiona l  seale d therma l  insulation -
Practica l  surve y indicate s  tha t  th e  Passiv e  sola r  buildin g adopt -
in g doubl e  envelop e  structur e  ha s  goo d heatin g effect -  Thi s  metho d 
i s  a n advance d an d rationa l  on e  tha t  incorporate s  direc t  gai n an d 
convectiv e  loo p methods -

*  #  *  *  * 

Passiv e  sola r  heatin g syste m i s  th e  sola r  hea t  usin g syste m 
whic h incorporate s  th e  buildin g an d th e  heatin g facilit y  as.one -
I n winter * thi s  syste m ca n collect * storag e  an d distribut e  sola r 
hea t  effectively .  I n  summer * i t  ca n obstruc t  sola r  radiatio n an d 
dissipat e  th e  hea t  excess -  I n  designin g o f  th e  passiv e  sola r 
building * th e  followin g shoul d b e  deal t  wit h correctly : 

a -  T o reduc e  hea t  loss * carr y ou t  th e  insulatio n desig n 
properly . 

b -  Instal l  sufficien t  sola r  hea t  collector s  o n th e  sout h wall -
c -  Instal l  sufficien t  hea t  storag e  device s  i n  th e  building -
d-  Arrang e  th e  heatin g roo m agains t  th e  collector s  an d storag e 

dev j  ces . 
I n  accordanc e  wit h thes e  principles * th e  author s  develope d a 

doubl e  envelop e  structur e  heatin g mode l  firs t  i n  China -  Tes t  dat a 
indicate d tha t  thi s  ne w typ e  o f  passiv e  sola r  buildin g ha d goo d 

heatin g effect -

1- DOUBLE ENVELOPE STRUCTURE 
Th e  doubl e  envelop e  structur e  wit h convectiv e  loo p i s  show n i n 

Fig.l -  I t  containe d th e  improve d Tromb e  wall *  th e  doubl e  envelop e 
convectiv e  loo p an d th e  undergroun d therma l  roc k storag e  bed -  Th e 
doubl e  envelop e  convectiv e  loo p wa s  buil t  withi n th e  roo f  an d 
nort h wall -  Therefore * th e  improve d Tromb e  wall *  th e  roof * th e 
nort h wal l  an d th e  spac e  abov e  th e  roc k be d forme d a  circulatin g 
ai r  passage -  I n  sunshin y day * natura l  convectio n fro m th e  sout h 
facin g Tromb e  wal l  carrie d th e  heate d ai r  u p throug h th e  convec -
tiv e  loo p i n  th e  roof -  Th e  movin g ai r  the n passe d dow n throug h th e 
convectiv e  loo p i n  th e  nort h wal l  t o  th e  undergroun d roc k storag e 
bed -  I n  it s  circulatin g process * th e  heate d ai r  heate d th e  walls -
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Thus * th e  wal l  temperatur e  wa s  raised -  Th e 
hea t  exces s  wa s  storage d i n  th e  roc k be d 
fo r  th e  us e  i n  cloud y days-Th e  circulatio n 
of  ai r  coul d b e  natura l  convection-I t  als o 
coul d b o force d convectio n create d b y 
small-s i  ze d fans -  Therefore. *  i n  designin g 
of  th e  doubl e  envelop e  structur e  wit h 
convertiv e  loop * th e  resistanc e  o f  th e  ai r 
circulatio n shoul d b e  reduce d a s  lo w a s 
possible -  I n  .constructin g o f  th e  doubl e 
envelop e  structure * clo g o r  bloc k o f  th e 
correctiv e  loo p mus t  b e  avoided -  I n  th e 
night * singl e  directio n damper s  installe d 
i n  th e  correctiv e  loo p prevente d th e  ai r 
fro m reversing -  Th e  ai r  i n  th e  circulatin g 
passag e  acte d a s  a n additiona l  therma l 
insulatio n layer * thu s  reduce d th e  hea t 
loss -

Compare d wit h th e  direc t  sola r  heatin g system * doubl e  envelop e 
structur e  heatin g syste m no t  onl y mad e  mor e  us e  o f  th e  hea t  g a  ç 
of  window s  bu t  als o strenthene d th e  insulatio n o f  walls -  Therefore * 
goo d indoo r  temperatur e  stabilit y  wa s  achieved -  Compare d wit h th e 
trad d i  t  i  on a  I  Tromb e  w a  1 1 *  t h  i  s  ne w hea t  i  ri g  syste m ha d th e  hea t 
collectin g functio n o f  convertiv e  loo p bu t  nee d no t  buil d  specia l 
hea t  storag e  wall -  Becaus e  o f  th e  circulatio n o f  th e  heate d air * 
temperature s  o f  th e  fou r  section s  o f  th e  surroundin g structur e 
wer e  raise d an d th e  comfor t  conditio n o f  th e  buildin g wa s  improved -

Fig- t  doubl e  envelop e 
structur e  wit h 
correctiv e  loo p 

2-  THERWiLTECHNICAL TES T 
I n orde r  t o  examin e  th e  heatin g effec t  o f  th e  doubl e  envelop e 

structur e  wit h correctiv e  loop * tw o winte r  therma l  conditio n test s 
an d on e  summe r  therma l  conditio n tes t  wer e  conducted -  Thes e  test s 
wer e  carrie d ou t  befor e  th e  passiv e  sola r  buildin g wen t  int o use * 
on th e  conditio n tha t  ther e  wa s  n o supplementar y hea t  sources -
Fig- 2 show s  th e  dail y  maximu m an d minimu m temperature s  o f  th e 
standar d roo m (referre d t o  th e  roo m heate d b y th e  doubl e  envelop e 

t(t? 
nx route* . l ( t) 

outdoo r  É ö. 
y 

20  Ç Ì  99  ×  4 º  »  tl*  tf 
(te c  Jan .  * t e 

Fig.2 '  Dail y  ma x an d mi n roo m 
temperature s  an d dail y 
mea n outdoo r  temperature s 
of  th e  standar d roo m 

0  S t*  Ë  »  ·  I* m ì 

Fig- 3 Th e  hourl y temperatur e 
o f  th e  standar d roo m 
i n tw o day s  (Jan .  13.-14 * 
1989 ) 



117 

structur e  w  i  t h  convec t  i  v e  Ioop )  an d th e  d a  iI y  mea n outdoo r 
temperature .  Th e  f igure eindicate s  tha t  th e  highes t  fluctuatio n o f 
roo m temperatur e  wa s  6* C ·  Therefore * th e  standar d roo m ha d goo d 
temperatur e  stabilit y  an d fin e  heatin g effect -  Th e  hourl y tempera -
ture s  o f  th e  standar d roo m i n tw o day s  ar e  give n i n  Fig- 3 - Th e 
maximu m differenc e  o f  roo m temperatur e  an d outdoo r  temperatur e  wa s 
mor e  tha n 25°C -  I n vie w o f  this * th e  standar d roo m ha d goo d 
heatin g effec t  th e  improve d Tromb e  wal l  absorpte d sola r  hea t 
e  f  fe e  t  i  veIy * an d th e  doubI e  onveIop e  s  t  rõ c  t  õr e  w i  t  h  conve c  t  i  v e 
loo p ha d goo d insulatin g function -  Fig-« 3 illustrate s  th e  hourl y 
temperature s  o f  th e  nort h wall ' s  interio r  surfac e  o f  th e  standar d 
roo m an d th e  compare d roo m (referre d t o  th e  sola r  heatin g roo m 
whic h di d no t  posses s  th e  doubl e  envelop e  s t ructure) .  A s  Fig.« 4 
shown * a t  night * th e  temperatur e  o f  th e  nort h wall' s  interio r 
surfac e  o f  th e  compare d roo m wa s  highe r  tha n tha t  o f  th e  standar d 
room -  I t  wa s  becaus e  tha t  th e  highe r  hea t  los s  o f  eas t  breas t  wal l 
mad e  th e  ai r  temperatur e  o f  th e  standar d roo m decreased * thu s 
resulte d i n  lowe r  surfac e  temperature -  I n  th e  daytime * temperatur e 
o f  th e  nort h wall' s  interio r  surfac e  o f  th e  standar d roo m wa s 
highe r  tha n tha t  o f  th e  compare d room -  I t  wa s  becaus e  tha t  th e 
movin g ai r  i n  th e  doubl e  envelop e  convectiv e  loo p heate d th e  nort h 
wal l  o f  th e  standar d room -  Th e  heate d wal l  the n heate d roo m o r 
reduce d th e  hea t  loss -  Therefore * highe r  roo m temperatur e  wa s 
aquired -  Fig- 5 show s  th e  maximu m temperature s  o f  th e  standar d roo m 
an d th e  compare d roo m i n te n days -  Tes t  result s  mad e  know n tha t  i n 
summer * overhea t  i  n g couI d b e  av o i  de d compIeteI y i  f  w  i  ndow s  wer e 
t  i  meI y opene d fo r  ven t  iIa t  i  ng -

t(t ) 

5 
13 

th e  covere d ð÷ » th e  standar d ro w 

3 6  9  é*  I*  &  21  * 

th e  covere d ran 

Fig-« 4 Hourl y temperature s 
o f  th e  nort h wall' s 
interio r  surfac e  o f 

th e  standar d roo m 
an d th e  compare d 
roo m (Jan-13 * 1989 ) 

Fig- 5 Ma x indoo r  temperature s 
o f  th e  standar d roo m 
an d th e  compare d roo m 
i n te n day s  (August * 
1988 ) 

3-  CONCLUSION 
Tes t  result s  prove d tha t  th e  doubl e  envelop e  structur e  wit h 

convectiv e  loo p heatin g syste m wa s  a n advance d an d rationa l 
heatin g system -  I t  ha d suc h characterastic s  like * 

1-  urd'\nd.ry  sola r  buildin g use s  soli d  materia l  a s  insulatin g 
layer * bu t  th e  doubl e  envelop e  convectiv e  loo p structur e  change d 
th e  fixe d laye r  t o  ai r  layer -  I n  th e  daytime*th e  movin g ai r  heate d 
th e  roo m an d th e  hea t  exces s  wa s  storage d i n  th e  roc k bed -  I n  th e 
night * singl e  directio n damper s  installe d i n  th e  convectiv e  loo p 
prevente d th e  ai r  fro m reversing .  Th e  ai r  laye r  acte d a s  a n 



118 

night * singl e  directio n damper s  installe d i n  th e  convectiv e  loo p 
prevente d th e  ai r  fro m reversing .  Th e  ai r  laye r  acte d a s  a n 
additiona l  therma l  insulatin g layer * thu s  reduce d th e  hea t  loss -
Compare d wit h th e  direc t  sola r  heatin g system * th e  doubl e  envelop e 
convectiv e  loo p heatin g syste m eithe r  satisfie d th e  nee d o f 
heating * o r  raise d th e  temperatur e  stabilit y  o f  th e  building . 

2 -  Th e  doubl e  envelop e  convectiv e  loo p structur e  depende d o n 
natura l  convectio n t o  carr y th e  hea t  gain -  Th e  surroundin g 
structur e  o f  roo m wa s  heate d b y th e  movin g ai r  an d th e  surfac e 
temperatur e  o f  th e  wal l  wa s  increased.Thi s  le d t o  eve n temperatur e 
fiel d  an d conformabl e  condition -

3-  Th e  advantag e  o f  sunspace s  i s  tha t  i t  ca n b e  use d a s  th e 
buffe r  are a  t o  reduc e  hea t  loss -  Bu t  i t  take s  som e  o f  th e  archi -
tectura l  area -  Th e  doubl e  envelop e  convectiv e  loo p structur e  als o 
ha d th e  advantag e  o f  reducin g hea t  los s  an d b y constructin g thi s 
structure * architectura l  are a  wa s  Pu t  t o  a  bette r  use -

4-  I n  summer * overheatin g coul d b e  completedl y avoide d i f  th e 
window s  wer e  timel y opene d fo r  ventilating . 
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SUPER-INSULATE D WINDOW S WIT H SILIC A A E R O G E L 
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Dept . of Energ y Technolog y an d Dept . of Buildin g Technology , 
DTI , Danis h Technologica l Institut e 
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ABSTRAC T 

Developmen t of a prototyp e double-glaze d windo w with evacuate d silica aeroge l filling, 
which can give majo r  impac t on low energ y buildin g construction , retrofittin g an d 
architecture , is described . Th e influenc e of silica aeroge l window s on th e energ y 
consumptio n in house s ha s bee n investigated . 

Th e contributio n is an evacuatio n techniqu e an d edg e sealing , which can sustai n th e 
vacuu m withi n th e windo w pan e an d thu s partl y ensur e its insulatin g propertie s an d 
partl y protec t th e aeroge l fro m absorptio n of atmospheri c moisture . Th e edg e sealin g 
is carrie d ou t by a technique , giving reduce d hea t loss throug h th e edges . 

Th e cente r  U-valu e obtaine d was belo w 0.7 W/(m 2-K) , which is twice as good as th e 
bes t industria l products . 

KEYWORD S 

Silica Aerogel ; Evacuation ; Windo w pane ; Passiv e Solar  Energy ; Insulatio n 

INTRODUCTIO N 

Th e fragile , ultra-porou s an d highl y insulatin g glass materia l silica aerogel,  firs t 
produce d at th e America n Stanfor d Universit y in 1931, seem s to b e on th e way to 
practica l usag e in windows , solar  collector  panel s an d solar  walls . In th e latte r  hal f 
of th e 1980's , interes t bega n to aris e in utilizin g aeroge l as a transparen t heat -
insulatio n material . Thi s has , inte r  alia , occure d as a resul t of developmen t project s 
at th e Technica l University , Lund , Sweden , an d ha s the n resulte d in a commercia l 
productio n by th e Swedish company , Airglas s AB (Sten Henning,1990) . 

Airglas s A B ha s withi n recen t year s mad e grea t progres s in th e proces s of producin g 
a mor e handy , highl y transparen t aerogel , which is suitabl e as a practical , insulatin g 
layer , betwee n two ordinar y glass panes . 

11 9 
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Severa l R & D Institute s ar e intereste d in th e implementatio n of transparen t insulatio n 
material , also Th e Danis h Therma l Insulatio n Laborator y at th e Technica l Universit y 
of Denmark , wher e an aerogel-base d solar  collector  ha s bee n constructe d (Svendse n 
an d Jensen,1987) . It was th e Danis h Minstr y of Energy' s EF P researc h progamm e 
which finall y gave significan t impetu s to Danis h researc h of aerogel' s potentia l in 
buildings . Financ e fro m such researc h programme s ha s enable d th e Danis h 
Technologica l Institute' s department s for  Energ y Technolog y an d Buildin g Technique s 
to cooperat e in developmen t of a 55 ÷ 55 cm prototyp e windo w pan e on th e basi s of 
a 15 m m thic k aeroge l tile produce d by Airglas s AB in a constructio n protecte d by a 
4 m m thic k glass pan e on bot h sides . 

If th e curren t well-founde d hope s for  a continue d developmen t of silica aeroge l ar e 
fulfilled , th e materia l can thu s becom e on e of th e key element s in fulfillmen t of th e 
anticipate d energy-politica l aim toward s reducin g consumptio n of fossil fuels 
(Andersen , 1988). 

SILIC A A E R O G E L 

Th e principa l componen t of silica aeroge l is th e sam e as tha t of ordinar y glass - silicon 
dioxide , which is th e mai n constituen t of beac h sand . Silica aeroge l is monolithi c an d 
amorphou s with a certai n inhomogenity . Th e solid material , which only form s a smal l 
fractio n of th e volume , consist s of fine particle s of almos t pur e silicon dioxide . Th e 
mai n par t of th e volum e is air . 

Th e basi s for  productio n is a jelly of silicon dioxid e particle s an d liqui d alcohol . Durin g 
th e norma l productio n process , th e alcoho l is withdraw n in an autoclav e at a tem -
peratur e of 270°C an d at a pressur e of approx . 90 ba r  (Henning,1990) . Th e materia l 
is produce d with densitie s rangin g fro m approx . 70 to 250 kg/ m . Change s in densit y 
will chang e th e proportie s significantly . 

Th e densit y of th e aeroge l used in thi s contex t was aroun d 110 kg /m 3. 

Th e materia l is quit e brittl e an d fragile , bu t development s ar e in progres s makin g th e 
materia l mor e elastic . Th e compressiv e strengh t is 3-4 bars , which is enoug h to 
withstan d vacuum . Th e modulu s of elasticit y is abou t 10 MP a at a densit y of 100 
kg /m 3. 

Solar  transmissio n 
Th e materia l is characterize d by a ver y low inde x of refraction , approx . 1.02 to 1.04. 
As a result , aeroge l behave s nearl y like air  concernin g reflection s at surfaces . Th e 
absorptio n of th e spectr a of solar  radiatio n is also ver y smal l bu t som e scatterin g in 
th e aeroge l occur s (Hun t an d Berdahl,1984) , which gives a slight colourin g of th e 
material . Viewed agains t a dar k backgroun d th e materia l seem s slightl y blu e an d 
agains t dayligh t it seem s yellow. 

Therma l transmissio n 
Apar t fro m th e density , th e transmissio n of hea t in silica aeroge l is dependan t on th e 
interna l air  pressure . Th e mai n par t of th e possibl e reductio n in therma l conductanc e 
is obtaine d at a pressur e below 100 mbar . Therma l radiatio n is transmitte d throug h 
aeroge l thu s contributin g to th e overal l therma l transmission . Thi s can be expresse d by 
mean s of an apparen t therma l conductivity , which is shown in fig. 1. 
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0.0 6 

Averag e  temperatur e  (°C ) 

Fig. l Apparen t therma l conductivit y versu s mea n radiativ e 
temperatur e for  silica aerogel . Assumption : emissivit y of 
glass on bot h sides . 

Th e radiatio n ter m will tak e int o accoun t th e emissivit y facto r  of th e glass facin g th e 
aerogel . Th e size of thi s ter m depend s strongl y on a mea n radiativ e temperatur e in th e 
constructio n (Cap s an d Fricke,1986) . As an insulatin g material , even non-evacuate d 
aeroge l is bette r  tha n othe r  know n materials . 

Th e solar  transmittanc e as a functio n of th e angl e of incidenc e is shown in fig. 2 . 

0 2 0 4 0 6 0 8 0 

Angl e  o f  incidenc e  (° ) 

Fig.2 Solar transmittance versus angle of incidence. Parameter : 
X = glass distance in [mm]. 
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OPTIMIZIN G AEROGE L WINDO W PANE S 

Th e advantage s of aeroge l material s for  windo w application s are : good solar 
transmission , ver y low hea t transmisio n an d a fair , perhap s also acceptabl e visua l 
transparency . Usin g thicke r  aeroge l tiles , it is possibl e to obtai n U-value s as low as 
required . However , thicke r  tiles at th e sam e tim e reduc e th e amoun t of transmitte d 
light an d energy . Constructio n of aeroge l base d windo w pane s is thereb y affecte d by 
bot h effects in orde r  to optimiz e th e performance . Th e sealin g of th e two pane s an d 
th e windo w fram e mus t b e pai d grea t attendance , as cold bridge s easily can spoi l th e 
good cente r  U-valu e of th e window . 

For  compariso n it can be suitabl e to describ e th e performanc e of windo w pane s by a 
resultan t U-value , which incoorporat e th e solar  gains . Thi s U-valu e is specific for  th e 
actua l windo w construction , orientatio n an d surroundings . Thus , th e valu e ar e only valid 
for  a certai n windo w in a certai n building . In fig. 3 ar e shown th e resultan t U-value s 
for  southface d window s with th e hea t capacit y facto r  of th e hous e as a parameter . Th e 
hea t capacit y factor , which is betwee n 0.0 an d 1.0 expresse s th e abilit y to use th e solar 
gains . Conventiona l new danis h house s ar e meetin g a valu e of abou t 0.5, an extremel y 
heav y hous e will mee t a valu e of 1.0 . It is seen in fig. 4 tha t a minimu m of resultan t 
U-valu e is reache d with an aeroge l thicknes s of 16-20 m m for  southfacin g windows . 

-2. 0 — — — — • 

0 4  ·  1 2 1 6 2 0 2 4 21 
Aerogel thickness [mm] Fig.3 Resultan t U-value s for  aeroge l pane s versu s aeroge l 

thickness . Hea t capacit y facto r  of th e hous e 0.7-0.9; 
Non-evacuate d (3 uppe r  curves) , Evacuate d (3 lower  curves) . 

A stud y ha s also bee n mad e in orde r  to evaluat e th e effect of aeroge l window s on 
th e annua l ne t energ y consumptio n in traditiona l detache d house s an d in low energ y 
house s with heav y construction s an d with a lot of southfacin g windows . Assumin g tha t 
th e interna l hea t productio n fro m peopl e etc . is used befor e takin g advantag e of th e 
passiv e solar  gains , severa l simulation s hav e bee n made . Th e compute d consumption s 
shown in fig. 4 do no t includ e domesti c ho t water , neithe r  electricity . 

It is seen fro m thi s figure , tha t an adequat e thicknes s of aeroge l is 10-15 mm . Fro m 
an economi c poin t of view th e lower  thickness , perhap s 10 mm , can b e appropriate , 
wherea s fro m a technica l poin t of view abou t 15 m m of aeroge l was choose n for 
prototyp e production . 
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Fig.4 Reductio n in energ y consumptio n in house s with evacuate d 
an d non-evacuate d aeroge l windows . 

PROTOTYP E PERFORMANC E 

Wit h th e ai m of producin g an evacuate d windo w pan e with silica aeroge l filling, 
researc h ha s bee n carrie d ou t on adequat e sealin g method s an d evacuatio n processes . 
Th e sea l chose n is in principa l base d on existin g standar d isobutano l roll s combine d 
with a meta l film; th e latte r  to preven t diffusio n throug h th e seal . Som e preliminar y 
result s (Andersen , 1988) pointe d out tha t aeroge l betwee n two glass pane s was difficul t 
to evacuat e throug h hole s in th e edge s du e to insufficien t air  permeability . Th e 
prototype , therefore , was produce d in a vacuu m chamber . Whe n a sufficien t low 
vacuu m was obtaine d withi n th e chamber , assemblin g of th e secon d glass pan e took 
plac e with a remot e controlle d instrument . On e advantag e of th e techniqu e utilize d 
is, tha t it doe s no t leav e hole s in th e sealin g edge . An evacuate d windo w pane , 
produce d in thi s way with an aeroge l thicknes s of 14.5 m m is shown in fig. 5 . 

Fig.5 Tw o identica l papers , 
on e behin d an 
evacuate d aeroge l 
windo w pane . 
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It ha s no t bee n possibl e to measur e th e obtaine d absolut e vacuu m in th e constructio n 
afte r  leavin g th e vacuu m chamber , bu t a measur e of th e level of vacuu m is indirectl y 
given by th e measure d cente r  U-value . By use of two evacuate d windo w pane s with 
silica aeroge l sized 55 ÷ 55 ÷ 1.5 cm. th e U-valu e was measure d in a guarde d hot box 
constructio n giving as a resul t a U-valu e of 0.7 W / ( m 2 K) . 

In orde r  t o check th e durabilit y of th e vacuu m seal , th e weight of th e constructio n is 
measure d regulary . Unti l present , n o longter m increas e in th e weigh t hav e bee n 
introduced . 

DISCUSSIO N 

Th e cente r  U-valu e of a prototyp e ha s bee n foun d to b e lower  tha n 0.7 W/(m 2-K) , 
excludin g hea t loss throug h th e fram e edge . Thi s is twice as good as th e ver y bes t 
therma l window s on th e market , an d four  time s bette r  tha n traditiona l double-glaze d 
windows . Utilizatio n of such aeroge l windo w pane s comprise s significan t energ y savings , 
since calculation s show tha t hea t loss throug h window s at presen t amount s to a quarte r 
of th e tota l hea t loss fro m buildings . 

Aeroge l is stil l a ver y brittl e buildin g materia l an d difficul t to produc e in a usabl e 
form . Eve n thoug h th e aeroge l prototyp e windo w pan e approache s th e demand s which 
shoul d be met for  clarity , th e visua l transparenc y of silica aeroge l still canno t tolerat e 
compariso n with ordinar y windo w glass . Variation s in por e size an d particl e size caus e 
a certai n light scattering . In addition , non-unifor m thicknes s of th e aeroge l tile cause s 
disturbance s in visua l transparency . Improvemen t of th e aeroge l materia l is necessary . 
Airglas s AB ar e workin g on developmen t of an even cleare r  aerogel . 

Th e edg e solutio n is unde r  development , becaus e th e nee d for  avoidin g therma l bridge s 
increase s at th e sam e rat e as th e insulatio n propertie s of th e windo w pane . 

O n a long ter m basis , DTI is seekin g extende d industria l cooperatio n concernin g 
developmen t of commercia l aeroge l products . 
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ABSTRACT 

Throughou t  histor y mosque s  hav e  bee n buil t  whic h reflec t  th e  sanctit y  o f 
thei r  use .  Moder n technologica l  solution s  ca n sacrific e  simplicit y  an d 
produc e  noise ,  dirt y  condition s  an d a n increase d nee d fo r  maintenance , 
solution s  whic h respec t  th e  environmenta l  need s  o f  a  mosqu e  ar e  discussed . 

KEYWORDS 

Comfort ;  therma l  adaptation ;  acoustica l  environment ;  lighting . 

APPLICATIO N O F ENVIRONMENTAL ENGINEERIN G I N TH E DESIG N O F 
MOSQUES I N SAUDI  ARABI A 

The  ai m i s  t o  produc e  a n environmen t  offerin g simplicity ,  dignit y  an d 
spiritua l  qualit y  tha t  i s  conductiv e  t o  meditatio n an d concentration .  Th e 
space s  shoul d b e  quiet ,  shaded ,  air y  an d withou t  distractio n whil e  bein g 
efficien t  i n  operatio n an d eas y t o  maintai n an d clean . 

Thes e  idea s  ca n b e  achieve d b y a n environmenta l  desig n tha t  consider s  th e 
natura l  respons e  o f  th e  Mosqu e  t o  th e  environment ,  a  respons e  tha t  ca n b e 
modelle d an d controlle d b y th e  us e  o f  mass ,  form ,  heigh t  an d material s  t o 
moderat e  th e  extremitie s  o f  climate .  Dayligh t  an d fres h ai r  mus t  b e 
brough t  int o th e  buildin g fo r  i t  t o  functio n an d thi s  involve s  th e 
punctuatio n o f  th e  buildin g fabri c  b y discret e  opening s  an d channel s  whic h 
mus t no t  allo w th e  ingres s  o f  nois e  an d dust . 

The  are a  climat e  o f  Riyad h i s  characterise d b y bein g par t  o f  th e  Centra l 
Arabia n anti-cyclone .  Th e  ai r  mas s  i s  pola r  continental ,  generall y  i n  a 
SE directio n ove r  th e  dr y lan d mas s  t o  th e  North ,  thu s  ther e  i s  ver y 
littl e  clou d cove r  an d rainfall ;  th e  su n shine s  intensel y an d 
continuously ;  th e  ai r  flowin g ove r  th e  ari d  lan d t o  th e  Nort h i s  intensel y 
hot .  Th e  combinatio n o f  clea r  sk y an d dr y lan d produce s  hig h mid-da y ai r 
temperature s  wit h frequen t  peak s  o f  50° C an d averag e  peak s  o f  46°C . 
Durin g th e  night ,  hig h radiatio n t o  th e  clea r  sk y fro m th e  dr y lan d 
produce s  'low '  nigh t  temperatures .  I n  summe r  th e  day-nigh t  temperatur e 
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rang e  i s  abou t  10° C bu t  i n  winte r  thi s  ma y b e  a s  hig h a s  25°C .  Durin g th e 
da y th e  groun d i s  heate d b y sola r  radiatio n an d th e  ai r  neares t  th e  groun d 
acquire s  th e  highes t  temperature .  I n  cal m condition s  th e  ai r  withi n 2 m o f 
th e  groun d remain s  stratifie d i n  layer s  o f  differin g temperatures .  Mixin g 
of  th e  hotte r  an d coole r  layer s  tak e  plac e  a s  th e  hea t  buil d  u p o f  th e 
lowe r  laye r  become s  grea t  enoug h t o  caus e  a n upwar d edd y o f  warme r  lighte r 
air ,  causin g loca l  dus t  storms .  A t  nigh t  th e  groun d lose s  hea t  b y 
radiatio n an d afte r  sunse t  it s  temperatur e  fall s  belo w tha t  o f  th e  ai r  an d 
th e  directio n o f  hea t  flo w i s  reverse d fro m th e  ai r  t o  th e  ground .  Thi s 
phenomeno n i s  know n a s  temperatur e  inversion . 

The  directio n o f  th e  wind ,  th e  ho t  lan d mas s  whic h i t  travel s  ove r  an d th e 
absenc e  o f  rainfal l  resul t  i n  ver y dr y condition s  durin g th e  summe r  month s 
an d evaporatio n rate s  ar e  rapid . 

The  abov e  statement s  ar e  genera l  an d a  stud y o f  loca l  condition s  ar e 
require d t o  determin e  'site '  parameters .  Howeve r  som e  genera l  statemen t 
ca n b e  conclude d fo r  th e  designer s  t o  includ e  i n  thei r  analysi s  o f 
buildin g for m an d construction . 

-  PEA K TEMPERATURES 50° C 
AVERAGE PEAK S 46° C 

-  INTENS E RADIATIO N 
900-100 0 W/m 2 

-  VER Y LO W HUMIDIT Y LEVEL S 
DURING SUMMER 

-  LOCAL DUS T STORMS 

-  COOL CAL M NIGHT S 

-  CLEA R SKIES ,  PRODUCING 
UNCOMFORTABLE GROUND 
GLARE 

-  LARGE DIURNAL TEMPERATURE RANGE 

-  VER Y LITTL E RAINFAL L AN D ONL Y 
DURING OCTOBER T O MARCH 
(10 0 m m PE R YEAR AVERAGE) 

Mass ,  Material s  an d Buildin g Constructio n 

A Mosqu e  i n  Saud i  Arabi a  i s  use d fo r  praye r  fiv e  time s  eac h da y a t  Sunris e 
(Fajr) ,  Noo n (Dhuhr) ,  Mid-afternoo n (Assr) ,  Sunse t  (Maghreb )  an d Nigh t 
(Isha) ,  eac h praye r  tim e  lastin g approximatel y twent y minutes .  Th e  Frida y 
sermo n durin g Noo n praye r  last s  approximatel y on e  hour .  Thi s  intermitten t 
occupanc y suggest s  th e  us e  o f  th e  traditiona l  thic k constructio n wit h a 
dens e  inne r  structura l  lea f  t o  absor b th e  short-ter m variation s  i n  sola r 
gain .  A  moderatel y hig h leve l  o f  insulatio n behin d th e  inne r  lea f  wil l 
reduc e  th e  temperatur e  t o  whic h th e  inne r  surfac e  i s  subjected .  Th e  oute r 
lea f  wil l  b e  o f  mediu m weigh t  materia l  whic h provide s  a  balanc e  betwee n 
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insulatio n propertie s  an d therma l  storag e  effects .  Th e  fabri c  shoul d 
provid e  a  barrie r  t o  th e  flo w o f  hea t  suc h tha t  a  therma l  tim e  la g o f  10 -
12 hour s  i s  achieved .  I f  th e  Mosqu e  wa s  airconditione d thi s  woul d greatl y 
reduc e  th e  coolin g loa d b y limitin g i t  t o  interna l  gain s  an d th e 
requirement s  o f  fres h ai r  fo r  th e  occupants . 

Therma l  Comfor t 

The  interna l  environmen t  o f  th e  Mosqu e  need s  t o  fee l  cool .  Comfor t 
condition s  wil l  var y fro m perso n t o  perso n bu t  fiel d  studie s  carrie d ou t 
throughou t  th e  worl d hav e  show n a  clos e  relationshi p betwee n th e  preferre d 
indoo r  temperature s  an d th e  mea n outdoo r  temperature .  Thi s  dat a  provide s 
a  backgroun d o f  experienc e  agains t  whic h t o  conside r  indoo r  temperature s 
fo r  th e  Middl e  East . 

Highe r  temperature s  ar e  acceptabl e  i n  space s  wit h transitor y occupancy . 
Suc h space s  ar e  ofte n usefu l  i n  man y type s  o f  building s  i n  orde r  t o 
provide r  a  buffe r  zon e  betwee n war m outsid e  condition s  an d th e  coole r  one s 
insid e  thu s  allowin g a  gradua l  acclimatisatio n thereb y avoidin g therma l 
shock .  Wher e  a  buffe r  zon e  i s  provide d th e  temperatur e  differentia l 
betwee n outsid e  an d insid e  shoul d b e  limite d t o  abou t  15°C . 

Normall y interna l  temperatur e  swing s  ar e  limite d t o  abou t  2  t o  4  de g C  t o 
tak e  int o accoun t  economi c  consideration s  fo r  th e  buildin g structur e  an d 
plan t  provision s  bu t  highe r  temperatur e  swing s  ar e  permissibl e  i n  space s 
wit h intermitten t  occupancy . 

I n  hot-ari d  climate s  th e  ban d o f  comfortabl e  interna l  temperatur e  è  i s 
wide r  tha n tha t  experience d i n  Europe .  Th e  ligh t  clothin g wor n i n  th e 
Middl e  Eas t  mean s  tha t  highe r  temperature s  ar e  acceptabl e  physiologicall y 
an d thes e  ca n b e  estimate d usin g th e  equation : 

è  =  37- M [0.0 5 +  0. 7 (R „  +  0.113) ] 

Wher e  R c  i s  th e  clothin g resistanc e  an d Ì  i s  th e  metaboli c  rate .  Peopl e 
prayin g wil l  hav e  a  metaboli c  rat e  o f  abou t  M=6 0 W / m 2 an d thei r  clothin g 
wil l  hav e  a  therma l  resistanc e  o f  abou t  R c: =  0.04 7 m 2°C/ W thu s  a n 
acceptabl e  temperatur e  woul d be : 

è  =  27. 3 deg .  C 

I n practic e  airconditionin g system s  i n  th e  Middl e  Eas t  ar e  usuall y 
designe d t o  temperature s  o f  betwee n 2 2 an d 26° C i n accordanc e  wit h Wester n 
practic e  fo r  continuousl y occupie d space s  assumin g th e  metaboli c  rate s  an d 
henc e  th e  degre e  o f  activit y  i s  th e  same .  Ther e  ha s  bee n a  fashio n 
recentl y  t o  imitat e  thi s  practic e  fo r  a  buildin g lik e  a  Mosqu e  usin g 
airconditioning .  Mechanisatio n need s  maintenance ,  spac e  an d i s  ofte n 
dirt y  an d nois y -  th e  opposit e  characteristic s  o f  purity ,  tranquilit y  an d 
serenit y  ar e  neede d i n  Mosques . 

Interna l  relativ e  humidit y  i s  als o relate d t o  externa l  conditions .  Whe n 
th e  outsid e  relativ e  humidit y  i s  lo w a s  i n  Riyadh ,  the n th e  insid e 
relativ e  humidit y  shoul d als o assum e  lowe r  value s  i n  th e  orde r  o f  4 5 t o 
50 % bu t  fo r  coasta l  location s  wit h hig h humiditie s  th e  insid e  value s  wil l 
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b e  relativel y higher . 

Relativ e  humidit y  affect s  th e  bod y swea t  rat e  an d thi s  i s  a n importan t 
mechanis m fo r  bod y hea t  los s  especiall y  whe n th e  interna l  temperatur e 
rise s  abov e  abou t  2 6 deg.C .  Bu t  agai n a  broade r  toleranc e  i s  permissibl e 
fo r  transitor y occupancy . 

Ai r  movemen t  i s  als o importan t  t o  dispers e  hea t  an d moistur e  bu t  car e 
shoul d b e  take n t o  avoi d draughts .  Ventilatio n shoul d b e  sufficien t  t o 
dilut e  odour s  an d distribut e  coo l  ai r  a s  wel l  a s  keepin g a  fres h 
atmosphere .  A  fres h ai r  suppl y quantit y  o f  5  t o  1 0 litre s  pe r  secon d pe r 
perso n shoul d b e  allowe d usin g passiv e  mean s  whereve r  possible . 

Acoustica l  Environmen t 

Soun d play s  a n importan t  rol e  i n  creatin g atmosphere .  I n  mosque s  ther e  i s 
a  conflictin g requiremen t  becaus e  speec h intelligibilit y  i s  importan t  fo r 
sermon s  bu t  du e  t o  th e  siz e  o f  som e  mosque s  an d th e  variabilit y  o f  voic e 
projectio n a  loudspeake r  syste m ma y b e  necessary . 

Material s  hav e  a n importan t  effec t  o n th e  soun d environment .  Har d 
material s  ar e  col d an d giv e  a  reverberan t  spac e  wherea s  sof t  material s  ar e 
war m an d produc e  a  dr y soun d environment . 

Religiou s  space s  invit e  a n ope n acousti c  becaus e  reverberatio n i s 
associate d wit h th e  upliftin g o f  th e  spirit .  Besides ,  an y interna l  sound s 
whic h intrud e  o n praye r  wil l  b e  amplified ,  an d thi s  instill s  a  disciplin e 
o f  quie t  thu s  heightenin g concentration .  O n th e  othe r  han d speec h 
intelligibilit y  i s  impaire d b y reverberatio n an d a s  a  consequenc e  th e 
reverberatio n tim e  i s  usuall y  restricte d t o  0. 8  t o  1. 2  second s  fo r  speec h 
auditoria ,  wherea s  i n  a  mosqu e  correspondin g value s  woul d b e  1.5- 2 
seconds .  Th e  Ima m ha s  t o  projec t  hi s  voic e  ove r  3 0 metre s  i n  large r 
mosque s  an d shoul d b e  raise d abov e  th e  audienc e  t o  minimis e  th e  effec t  o f 
audienc e  absorption .  Th e  huma n voic e  mus t  b e  2 2 decibel s  abov e  th e 
backgroun d soun d leve l  fo r  80 % intelligibility .  Fo r  thi s  t o  b e  achieve d 
wit h a  backgroun d soun d leve l  criterio n o f  2 5 dB A the n a  4 7 dB A voic e 
aoun d leve l  i s  neede d a t  th e  bac k o f  th e  spac e  fo r  clarity .  Ove r  a 
distanc e  o f  3 0 metre s  assumin g a n attenuatio n o f  0. 7  d B pe r  metr e  th e 
voic e  leve l  a t  th e  fron t  woul d nee d t o  b e  6 8 dBA .  A  norma l  raise d mal e 
voic e  leve l  i s  abou t  7 3 dBA . 

I n orde r  t o  avoi d echoe s  th e  direc t  an d th e  reflecte d pathway s  shoul d no t 
b e  mor e  tha n 1 5 metre s  apart . 

Hig h soun d level s  i n  a  larg e  spac e  ca n produc e  reverberan t  maskin g an d 
thu s  certai n  consonant s  i n  th e  speec h wil l  no t  b e  clear .  A  recommende d 
volum e  pe r  perso n i n  speec h auditori a  i s  usuall y 3 .  5m : i,  wherea s  i n  a 
mosqu e  thi s  facto r  i s  ofte n neare r  10m :*.  A  reverberatio n tim e  criterio n 
of  abou t  1. 5  second s  ca n b e  achieve d b y th e  us e  o f  a  carpe t  havin g a  soun d 
absorptio n coefficien t  greate r  tha t  0.1 5 an d th e  us e  o f  soun d absorptio n 
material s  applie d t o  bac k walls . 

Many mosque s  contai n a n ope n cloister-lik e  wal l  s o i t  i s  no w customar y t o 
us e  voic e  amplificatio n system s  s o tha t  th e  Ima m wil l  b e  hear d outsid e 

wher e  peopl e  ca n congregate . 
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Clearly ,  ther e  ha s  t o  b e  grea t  restrain t  i n  distributin g ai r  t o  th e  spac e 
s o tha t  i t  i s  quiet ;  an y equipmen t  shoul d b e  locate d a s  fa r  awa y a s 
possible .  I n  additio n th e  structur e  shoul d hav e  a  mas s  o f  a t  leas t  40 0 
kg/n r  t o  giv e  adequat e  soun d insulation ;  thi s  wil l  als o increas e  th e 
therma l  inerti a  o f  th e  Mosque . 

Lightin g 

Natura l  an d artificia l  lightin g nee d t o  b e  sof t  i n  characte r  an d evenl y 
distribute d throughou t  th e  space .  Indirec t  lightin g i s  preferabl e  s o tha t 
visua l  distractio n i s  minimised .  On e  solutio n fo r  introducin g indirec t 
perimete r  day-lightin g i s  t o  us e  a  syste m o f  screene d skylight s  betwee n 
column s  t o  ligh t  th e  interio r  area s  t o  a  unifor m level .  Lightin g shoul d 
giv e  a  minimu m dayligh t  facto r  o f  2 % whic h equate s  t o  a  floo r  luminanc e  o f 
50 0 lu x o n a  brigh t  day .  I f  th e  skylight s  ar e  locate d nea r  th e  to p o f 
column s  the n filtere d daylight s  washe s  dow n the m an d the y appea r  luminou s 
s o helpin g t o  diffus e  th e  light . 

Artificia l  lightin g withi n th e  praye r  hal l  o f  a  mosqu e  ca n b e  installe d s o 
a s  t o  re-creat e  th e  effec t  o f  natura l  daylighting .  Th e  illuminanc e  o f 
artificia l  lightin g wil l  b e  lowe r  tha n natura l  daylightin g bu t  i t  ca n b e 
designe d t o  com e  fro m a  simila r  directio n an d t o  b e  o f  simila r  colour . 
Th e  leve l  o f  natura l  lightin g o n th e  floo r  o f  th e  space s  i n  th e  mosqu e 
wil l  var y throughou t  th e  da y an d aroun d th e  yea r  du e  t o  th e  angl e  o f 
incidenc e  o f  th e  su n o n th e  buildin g surface .  Th e  resultan t  illuminatio n 
wil l  no t  b e  unifor m throughou t  th e  area . 

The  apparen t  colou r  o f  dayligh t  i s  no t  constant ,  a s  th e  specia l 
distributio n a t  an y particula r  tim e  depend s  upo n th e  scatterin g an d 
absorptio n o f  th e  sun' s  ligh t  i n  th e  prevailin g atmosphere .  Th e 
correlate d colou r  temperatur e  (K )  o f  dayligh t  i s  i n  th e  rang e  o f  5000 K t o 
abou t  ÉÏ,ÏÏÏÊ .  Th e  colou r  o f  dayligh t  i s  importan t  i f  artificia l  lightin g 
i s  t o  i n  an y wa y resembl e  natura l  lighting ;  thi s  i s  a n importan t  facto r  i n 
selectin g th e  typ e  o f  electri c  lamps .  Fo r  example ,  mercur y vapou r  lamp s 
coul d b e  mounte d an d conceale d i n  th e  roofligh t  arrangemen t  t o  achiev e  a 
certai n  resemblanc e  t o  natura l  lightin g (correlate d colou r  temperatur e 
woul d b e  appro x 3700 K wherea s  Sodiu m lamp s  ar e  2000K) .  A  simila r  syste m 
woul d b e  adopte d aroun d th e  perimete r  usin g linea r  fluorescen t  fitting s  t o 
emulat e  th e  directio n o f  th e  natura l  light . 

Externa l  lightin g o f  Minaret s  fo r  exampl e  ma y b e  achieve d b y floodlightin g 
fro m a  distanc e  o r  b y locatin g downlightin g fitting s  o r  eve n fluorescen t 
luminarie s  a t  hig h level .  Th e  firs t  solutio n i s  preferabl e  a s  i t  i s  mor e 
discree t  an d allow s  complet e  contro l  o f  glar e  a s  wel l  a s  bein g mor e 
accessibl e  fo r  maintenance .  Courtyard s  ca n b e  li t  artificiall y  b y eithe r 
linea r  o r  downlightin g luminarie s  mounte d aroun d th e  perimete r  a t  hig h or , 
alternatively ,  b y a  lightin g syste m incorporate d int o th e  courtyar d 
sunscreen . 

Cod a 

Ther e  i s  a  dange r  o f  th e  develope d nation s  providin g a  glamorou s  imag e  o f 

moder n technolog y t o  Thir d Worl d countries .  An y attractio n ma y b e  fals e 
an d ma y simpl y provid e  a  wa y o f  spendin g money .  Mosque s  ar e  sacre d place s 
an d hav e  a n aestheti c  roote d i n  Arabi c  culture .  Environmenta l  engineerin g 
solution s  nee d t o  reflec t  th e  peace ,  serenit y  an d spiritua l  value s 
demande d b y th e  brie f  fo r  a  mosque . 
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ABSTRACT 

One  specifi c  activit y  o f  Tas k X I  o f  th e  IE A Sola r  R&D Programme , 
carrie d ou t  b y a  smal l  workin g grou p designate d th e  Exper t  Sys -
te m Workin g Group ,  deal s  wit h th e  developmen t  o f  a n Integrate d 
Knowledg e  Base d Sola r  Desig n Tool ,  ISOLDE .  ISOLD E basicall y  pro -
vide s  computerise d acces s  t o  th e  Tas k X I  informatio n throug h 
exper t  syste m advise ,  an d video-dis c  illustrations .  Besides ,  th e 
syste m wil l  provid e  acces s  t o  desig n calculatio n an d simulatio n 
tools . 

KEYWORDS 

IEA;  passive ;  hybrid ;  solar ;  integrated ;  knowledg e  based ;  desig n 
tool . 

INTRODUCTION 

Withi n Tas k X I  "Passiv e  an d Hybri d Sola r  Commercia l  Buildings " 
of  th e  IE A Sola r  R&D Programm e  a  numbe r  o f  activitie s  ha s  bee n 
undertaken .  Thes e  activitie s  cove r  th e  areas :  cas e  stud y analy -
ses ,  advance d cas e  stud y analyses ,  parametri c  sensitivit y  stu -
dies ,  an d compilatio n o f  desig n guidanc e  fo r  th e  strategies , 
principle s  an d systems ,  whic h hav e  bee n investigated .  Th e  re -
sult s  o f  thi s  wor k ar e  presente d i n  severa l  documents ,  a  slid e 
se t  o f  th e  cas e  studies ,  an d i n  on e  mai n desig n guidanc e  book , 
designate d th e  sourc e  book .  T o provid e  alternativ e  (computeri -
sed )  acces s  t o  th e  result s  o f  th e  TAS K X I  activitie s  a  workin g 
grou p ha s  bee n pu t  togethe r  withi n th e  tas k t o  develo p a  sola r 
desig n too l  fo r  passiv e  an d hybri d sola r  commercia l  buildings . 

The  informatio n arise n fro m th e  tas k activitie s  ar e  t o  a  larg e 
exten t  i n  a  for m whic h ca n b e  characterise d a s  knowledg e  oppose d 
t o  calculatio n formulas .  O n th e  othe r  hand ,  som e  o f  th e  result s 
stemmin g fro m th e  parametri c  sensitivit y  analyse s  obviousl y 
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exis t  i n  th e  for m o f  numbers ,  an d finally ,  t o  verif y  a  propose d 
buildin g design ,  calculatio n and/o r  simulatio n method s  ar e  ne -
cessary .  Takin g th e  consequence s  o f  th e  ver y natur e  o f  thi s  mix -
tur e  o f  informatio n an d method s  th e  workin g grou p decide d t o 
wor k toward s  th e  developmen t  o f  a n Integrate d Knowledg e  Base d 
Sola r  Desig n Tool ,  whic h ha s  bee n give n th e  acrony m ISOLDE .  Fo r 
thos e  no t  familia r  wit h th e  terminolog y o f  Artificia l  Intelli -
genc e  (A.I. )  an d Exper t  Systems ,  i t  i s  i n  plac e  t o  explai n tha t 
th e  ter m knowledg e  base d refe r  t o  th e  us e  o f  certai n  programmin g 
tool s  stemmin g fro m R&D o n A.I .  allowin g th e  programme r  t o  embe d 
knowledg e  i n  th e  compute r  progra m i n a  straightforwar d wa y usin g 
almos t  plai n english . 

The  objective s  o f  th e  developmen t  o f  ISOLD E ha s  bee n define d i n 
a  workin g documen t  specifyin g th e  functiona l  requirement s  t o  th e 
desig n tool .  Th e  presumptio n fo r  thes e  requirement s  i s  tha t  th e 
use r  shal l  b e  abl e  t o  us e  th e  too l  fro m th e  ver y beginnin g o f  a 
desig n process ,  throug h th e  selectio n o f  technique s  t o  implemen t 
i n  th e  building ,  t o  th e  fina l  desig n optimisatio n base d o n a 
simulatio n method .  I t  wa s  furthe r  agree d tha t  th e  too l  als o 
shoul d b e  usefu l  outsid e  a n actua l  desig n situation ,  a s  a n edu -
cationa l  system .  A s  mentione d abov e  i t  i s  a  primar y objectiv e  t o 
provid e  computerise d acces s  t o  th e  experienc e  an d informatio n 
derive d fro m th e  TAS K X I  activities . 

To mee t  th e  functiona l  requirements  a s  specifie d abov e  i t  wa s 
decide d t o  develo p th e  syste m i n thre e  separat e  parts :  Genera l 
advise ,  cas e  oriente d advise ,  an d calculations/simulations .  Fi -
gur e  1  present s  th e  overal l  architectur e  o f  th e  system . 

OBJECTIVES 

IMPLEMENTATION 

ISOLDE Manage r 

Genera l Advis e Cas e  Oriente d  Analysi s Calculations / 
simulation s 

Vide o  Interfac e 

Documentatio n 

Fig .  1  Overal l  syste m architectur e 
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Definition s 

The  workin g grou p foun d i t  usefu l  t o  agre e  o n th e  followin g ter -
minolog y definitions : 
-Strategies :  Cooling ,  Heating ,  Daylightin g 
-Principles :  Ventilation ,  Shading ,  Evaporativ e  cooling ,  etc . 
-Systems :  Atria ,  Tromb e  walls ,  ai r  sola r  collectors ,  etc . 
-Concepts :  Combination s  o f  strategies ,  principle s  an d system s 

Genera l  Advis e  Par t 

The  genera l  advis e  par t  ha s  bee n designe d to  serv e  tw o purposes : 
To presen t  advis e  o n differen t  sola r  strategies ,  principle s  an d 
system s  eithe r  fo r  th e  programmin g phas e  o f  a n actua l  buildin g 
project ,  o r  a s  a n educationa l  introductio n fo r  buildin g desig -
ners . 

Thi s  par t  o f  th e  desig n too l  ha s  bee n designe d t o  presen t  advis e 
t o  th e  use r  i n  a  logica l  hierarchica l  way ,  startin g wit h sola r 
strategies ,  continuin g wit h th e  principle s  an d finall y  th e  spe -
cifi c  informatio n abou t  th e  individua l  systems .  Th e  informatio n 
represente d abou t  eac h principle/syste m hav e  bee n ordere d unde r 
th e  followin g headlines : 
-Principle /  syste m definitio n 
-Advantages /  disadvantage s 
-Side-effect s  t o  othe r  strategies/principles/system s 
-Desig n advis e 
-Rule s  o f  thum b fo r  desig n 

Atri a  take s  a  specia l  role ,  a s  i t  doe s  i n  th e  Tas k itself ,  a s 
atri a  a s  a  syste m ca n tak e  man y differen t  form s  an d ca n b e  cho -
se n fo r  a  combinatio n o f  strategies . 

To supplemen t  th e  textua l  advis e  th e  syste m wil l  provid e  acces s 
t o  illustration s  o f  th e  differen t  sola r  system s  i n  th e  for m o f 
slide s  presentin g actua l  building s  featurin g thes e  techniques . 
The  slides ,  presentin g th e  cas e  stud y building s  o f  Tas k XI ,  hav e 
bee n transferre d t o  video-pictures ,  whic h ca n b e  show n o n a n 
ordinar y P C VGA-colou r  scree n usin g a  specia l  graphic s  card . 

Cas e  oriente d analysi s 

Befor e  enterin g int o thi s  par t  o f  th e  syste m i t  i s  anticipate d 
tha t  a  sola r  system ,  an d energy/comfor t  strateg y ha s  bee n chose n 
fo r  a  specifi c  project ,  an d tha t  th e  architect/enginee r  want s  t o 
kno w wha t  performanc e  t o  b e  expected .  Thi s  par t  wil l  als o b e 
introduce d b y a  men u o f  choice s  an d explanations . 
First ,  th e  use r  hav e  t o  specif y th e  characteristic s  o f  th e  ac -
tua l  buildin g projec t  b y providin g additiona l  inpu t  on : 
-climatica l  specificatio n 
-buildin g descriptio n an d us e  (proportions ,  orientation , 
therma l  propertie s  o f  buildin g components) ,  advis e  o n appropri -
at e  range s  o f  variable s  shoul d b e  available , 
-energy /  comfor t  strateg y 
-sola r  syste m (e.g .  atri a  typology ) 
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The  result s  i s  to  b e  presente d a s  graphs ,  showin g th e  sensiti -
vit y  o f  chose n buildin g performanc e  parameters ,  characterisin g 
energy ,  comfort ,  an d dayligh t  conditions ,  to  selecte d indepen -
den t  variables .  A  ratin g structur e  makin g compariso n betwee n 
variou s  strateg y combinations /  sola r  system s  i s  t o  b e  developed . 
The  implementatio n o f  thi s  par t  o f  th e  ISOLD E require s  th e  deve -
lopmen t  o f  a  mean s  t o  plac e  th e  actua l  syste m withi n th e  region s 
of  syste m parameter s  o f  know n performance . 

Calculations/simulation s 

Thi s  wil l  b e  implemente d a s  a n interfac e  t o  establishe d calcula -
tion/simulatio n programs .  Thi s  interfac e  i s  intende d t o  include : 
-advis e  o n ho w t o simulat e  (zonin g o f  building s  fo r  respectivel y 
temperature ,  energ y an d dayligh t  calculations ;  ho w t o simplif y 
th e  buildin g specification ) 
-interfac e  t o  chose n calculation/simulatio n program s 
-transfe r  o f  alread y give n dat a  t o  calculation/simulatio n pro 
gram s 
-us e  o f  read y t o  us e  inpu t  dat a  set s  stemmin g fro m previou s  s i 
mulation s  (on e  exampl e  only) .  Thi s  coul d b e  inpu t  dat a  file s 
fro m th e  Tas k parametri c  sensitivit y  runs . 

Result s  evaluation .  A  modul e  whic h allow s  som e  evaluation/inter -
pretatio n o f  result s  fro m th e  calculation/simulatio n programs . 
I t  woul d include : 
- a  se t  o f  performanc e  benchmark s  fo r  eac h climat e  to  allo w fo r 
comparison s  betwee n predicte d performanc e  o f  th e  actua l  syste m 
t o mak e  i t  possibl e  t o  "rate "  th e  performance . 
- a  specifie d rang e  o f  acceptabl e  value s  fo r  fo r  example : 
-max/mi n temperature s 
-utilisatio n facto r 
-energ y us e  p r  sqm . 
-ma x pove r  p r  sqm . 
-duratio n o f  temperature s  abov e  a  certai n  limit . 

Documentatio n 

Documentatio n i n  th e  for m o f  printe d materia l  shoul d i n  princi -
pl e  b e  availabl e  fro m al l  part s  o f  th e  system .  Th e  wa y thi s  i s 
goin g t o  b e  implemente d i s  no t  establishe d yet . 

IMPLEMENTATION PLA N 

The  developmen t  o f  th e  ISOLD E syste m i s  planne d t o  happe n alon g 
th e  followin g mai n milestones : 
1.  Novembe r  1990 :  Complet e  draf t  syste m o f  th e  genera l  advis e 
part . 
2 .  Augus t  1991 :  Complet e  draf t  syste m includin g al l  thre e  parts . 
3.  Decembe r  1991 :  Fina l  versio n o f  complet e  system . 
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ABSTRACT 

T k pwjose of tiis smtof  is to perfor m a matkmatica l modelin g of aa ar-fhifee d Ì  solar  collato r  aid 
tkrma l analysi s of t k system m compute r  simulation . A M F model for  an air-fhuiize d solar  collector  is developed 
wniek is ksed on "Trom k VJJ T stric t W* aid tkoreti t aid experimenta l sttue s 0 1 fhodizt i kds . Conne r  sohtioi s 
are okaine d for  temperatwe , and velocity fields aid for  t k power  extracte d fro A  t k system. 

KEY VORDS 
Trom k mil ; Flniized kfc ; solar  kating ; 

INTRODUCTIO N 

T k Flutee d Trom k will system is n MW concept . I i uas system t k gap ktwee n t k will and t k glass is 
Quiizei i y usiig kg * aisorkanc e aid low deisity particles . 

T k presen t work coisist of two main parts . In t k first pit , t k classical trom k wall system is AIALI2ED. 
GoYeraii g epation s are solved aid t k katii g capacit y of t k system is okaiaed . 

La t k second par t of tnis study , t k medium ktwee n t k glass aid t k wall of trom k system is Quitte d ay 
msiig low deisity particles . T k system mder  coisifteratio n is depicted i i t k figwe-l. 

Air  enter s t k ekanne l from t k bottom aid leaves at t k top . A filter  is placed at t k to) of t k ekanne l to keep 
t k fhiized particle s iisue t k cknnel . 

I i tk s system air  as a katin g fhid , is in a tirect  contac t witn particle s wkicn increase s t k overal l effieieicy of 
t k system. 

T k temper * we aid velocity profile s ktwee i t k glass aid t k wall are determine d for  t k Classica l aid Fhtoe d 
trom k wall systems. 

T k flow is assumed to k laminar . T k tota l rat e of ka t aasorptio i is calculate d for  krt k systems. 
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Figur e 1. Descriptio n of th e fludized  Figur e 2. The geometr y of th e flow 
tromb e well system proble m in tromb e wall channel . 

THEORY 

a) Formulatio n of t k conventiona l type tromk-wal l model. 
T k flow geometr y of interes t Þ trom k wall ck i i e l is depicted i i Figw*-2. 
T k flow is assimed to k steady , laminar , compressible . T k press*? * defect as a finctio i of kgi t is assumed to 

k uiear  for  low flow rate s [2]. Gowi i i g efiatioi s of coitiwrity , momentu m aid eiergy are: 

dU 3 v « . . . 
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p C p á — + » — - k — + — ( 3 ) 

V a x *? } Éâ÷ 2 iy 2! 
Tk houadary conditions are : 

1) x = 0 an d 0 < y < a 
a = u 0 v = 0 T = T 0 P = P 0 

2) 0 < ÷ < L an d y=L 
u= 0 v= 0 T = T W 

Headt gain from tk channel is calculated as follows : 

p u a c p ( T a v e- T G) a y ( 4 ) 

l) Formulation of tk fludized kd tromk wall model. 
ft is assumed that minimum ftudizatioi condition is prevailing insue tk channel. Where tk total pressure drop 

inside tk channel is qua! to tk weight of tk particles. Tk fludizatioi velocity may k calculated as follows [3]. 

wkre 

U mf =  -U L { ( 2 5 . 2 5 + 0 . 0 6 5 1 Ar  )°*6 - 2 5 . 2 5 } ( 5 ) 
Pdp 

V b.T ' a 

b = 1.458 . 1 0 " e I k g / m - s u 1' 2] 
( 6 ) 

s= 110.4 (K ] 
and Ar is Archimedes number: 

Ar  = g d p3 ( Ñ ñ - ñ ) ñ / ì € 2 

Because of tk low operating temperatures thermophysfcal properties of tk particles and air are assumed to he 
independent of temperature. 

Energy equation for tk air can he written as follows : 

f 2 2 'i 
a T x .  d  Ô  a  Ô  é 

p c p a ( ) = k + + q ( 7 ) 

•.a x a y  é 

ç tk efuation-7 q term represents kat transfer from particles to air. 
Boundary conditions an : 

1) 0 < x < L 
u = u mf 

0 <y < a 

2) 0 < y < a an d x =0 

THE METHOD OF SOLUTION : 

T = T 0 

Tk equations were solved vsing a forward marching, line- hy- line implicit fiiite-dnTerence techiiqw permitting 
iterations on each new line. 
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A rectangula r  grii[Figw * 3L across t k channe l viltk is used to estakbskt k increment s of t k finite-differtnce 
approximatioi s to t k ef«*ions (1), (2), (3) and (7). 

k 

1» ÄÕ *— 
I  Ä× 

U ; • 

1 2 "  J -l J J+l Ô 
Figur e 3t  GSrJc l fbr  flnltB-cilfterence 

repreeentatJoaa  Jbr  eolation . 
DISCUSSION OF RESULTS 

a) T k eonventioia l trom k wall system . 
In t k Figwe-4 vari*iono f m velocity across t k c k n e l is depicted for  thre e liferen t wall kngkt s and for  a 

constan t volime flow rate . At t k lower  flow rates , swface friction is largel y responsik k for  t k initia l acceleratio n of 
t k fail. Tnat' s wky a ckar  indicatio n of t k katin g effect is noted in * velocity ky t k more rapidl y moving kter s of 
fluid a small distanc e from t k surface s and progressiv e decreas e in t k velocity within t k centra l region . 

Similar  result s sre presente d in t k Figwe-5 for  a afferen t volume flow rate . At kigk r  flow rates , t k é velocity 
profu e skews a paraboli c fevebprnent  soon after  entr y wk n t k plate s are of eflval temper*** . 

As t k glass temperatw * is lowered progressivel y more a symmetri c * velocity profile s are oktained . 
In t k Figwe-6 aid Figwe-7 t k variatio n of í  velocity across t k ekanne l wutk is shown for  differen t flow 

rate s aid kngkts . í  velocity componen t represent s t k movement of t k fluid  across t k ekanne l gap caused ky a 
comkinatio n of frictio n and kating . 

Dwing t k asymmetri c heatin g t k fluid  flow away from t k cooler  swface is considerakl y greate r  tkan from t k 
warme r  sue. 

Figw*-8 and Figwe-9 ilhstrat e air  temper * w* variatio n across t k channe l gap for  two liferen t flow rates . T k 
coolest portio n of t k Ùéû is t k fastest moving centra l layer  for  kigk r  flows aid symmetri c kating . Dwing t k 
asymmetri c katin g fhai temper** * near  t k warme r  wall increases . 

T k tota l heat extracte d from t k system as a faction  of kigh t is depicted i* t k Figwe-10. 
k) Flnii2ed trom k wall system * velocity profile s is almost korizonte l across t k ekanne l wutk as expected . 

Tkis %  velocity variatio n is shown in t k Figwe-11 and Figmre-1 2 for  two Afferent volume rate s and for  severa l 
channe l kngkts . 

T k fhn l temper*w t variatio n across t k gap is depicted in t k Figwe-13. T k temper*w * of t k f l i* increase s 
near  t k warme r  wall. But, die to t k k * transfe r  from t k particle s to t k air , t k temper** * profi k is almost linear . 

In t k Figwe-14 t k k * extracte d from t k system as a faction  of channe l kng k is uh$tr*e d for  two differen t 
flow r*e$. If we compar e t k result s of tkis figwe witk t k Figwe-10, it is apparentl y can k seei, t k superiorit y of t k 
fltdced  system over  t k conventiona l one. T k numerica l result s oktaine d in tkis work intic*e t k flnfcation  of t k 
trom k wall ekanne l appear s to k a visikk concept . Fan power  retirement s for  Q=0.018m3/s« and Q=0.035m^se c are 
cakvkdtedt o k 0.81 HP and 1.61 HP respectively . 
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NON-DOMESTIC BUILDIN G DESIGN S INCORPORATIN G 
PASSIV E ENERGY SYSTEMS 
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ABSTRACT 

A serie s  o f  desig n studie s  i s  bein g sponsore d b y th e  Departmen t  o f  Energ y t o 
investigat e  th e  practica l  applicatio n o f  passiv e  sola r  technolog y i n 
non-domesti c  buildings .  Th e  firs t  se t  o f  eigh t  studie s  i s  complet e 
(Campbel l  e t  al.,  1987) ,  an d tw o furthe r  set s  manage d b y Halcro w Gilber t 
Associate s  (HGA )  an d Buildin g Desig n Partnershi p ar e  unde r  way .  Thi s  pape r 
present s  th e  result s  o f  HGA' s  firs t  grou p o f  thre e  studie s  i n  th e  ligh t 
industria l  buildin g sector .  Thes e  studie s  illustrat e  th e  opportunitie s  t o 
produc e  marketabl e  lo w energ y design s  i n  whic h th e  architectura l  for m play s 
th e  majo r  rol e  i n  generatin g a  comfortabl e  interna l  environment .  Th e 
studie s  als o sho w tha t  suc h design s  nee d cos t  n o mor e  tha n thei r 
conventiona l  counterparts .  A  secon d grou p o f  studie s  i n  out-of-tow n offic e 
development s  ha s  starte d an d th e  initia l  result s  ar e  equall y  encouraging . 

KEYWORDS 

Industrial ,  Buildings ,  Energy ,  Design ,  Studies ,  Passive ,  Solar ,  Daylight , 
Rooflights ,  Cost . 

DESIGN STUDIE S 

Th e  objective s  o f  th e  curren t  se t  o f  HGA desig n studie s  ar e  to : 

•  produc e  a  serie s  o f  cas e  studie s  demonstratin g bes t  practic e  i n  th e 
applicatio n o f  passiv e  energ y system s  t o  a  rang e  o f  buildin g types . 

•  ac t  a s  a  mechanis m fo r  transferrin g technolog y fro m R& D project s  t o  th e 
architect s  an d client s  involve d i n  th e  studies ,  an d ultimatel y t o  th e 
desig n communit y an d constructio n industr y a t  large . 

•  generat e  dat a  o n th e  cost ,  performanc e  an d amenit y benefit s  o f 
non-domesti c  passiv e  buildings . 

•  develo p practica l  buildin g design s  tha t  ca n ac t  a s  a  see d be d fo r  liv e 
buildin g projects . 

Crow n Copyrigh t 140 
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I n eac h desig n study ,  th e  suitabilit y  o f  variou s  passiv e  energ y technique s 
i s  explore d fo r  a  particula r  buildin g typ e  b y askin g a  fir m o f  architect s  t o 
propos e  a  desig n tha t  use s  the m effectively .  Th e  brie f  fo r  eac h stud y i s 
prepare d i n  consultatio n wit h a  clien t  wh o ha s  offere d t o  cooperat e  i n  th e 
study .  Thes e  "quasi-clients "  ar e  als o involve d i n  th e  evaluatio n process . 

The  ke y factor s  use d t o  evaluat e  th e  proposa l  ar e  energ y performance , 
environmenta l  performance ,  amenity ,  an d capita l  cost .  I n  orde r  t o  judg e 
thes e  factor s  i n  context ,  a  'typical '  referenc e  buildin g o f  a  mor e 
conventiona l  desig n i s  als o assessed .  T o b e  successfu l  th e  proposa l  mus t 
no t  onl y us e  les s  energ y tha n th e  reference ,  bu t  th e  valu e  o f  th e  energ y 
savin g mus t  b e  see n t o  justif y  th e  capita l  cos t  o f  providin g it .  Th e 
desig n proposa l  i s  develope d throug h a n interi m shem e  t o a  fina l  sketc h 
desig n wit h forma l  assessmen t  a t  bot h stages . 

The  twelv e  non-domesti c  desig n studie s  manage d b y Halcro w Gilber t  Associate s 
hav e  bee n divide d int o fou r  group s  o f  three .  Eac h grou p o f  desig n studie s 
concentrate s  o n a  particula r  buildin g secto r  whic h ha s  bee n selecte d wit h 
referenc e  t o  a  previou s  marke t  stud y (Dunca n e t  al., 1983) .  Th e  firs t  grou p 
of  studie s  involv e  ligh t  industria l  buildings . 

INDUSTRIAL BUILDING S 

A recen t  stud y ha s  show n tha t  fairl y  simpl e  energ y conservatio n measure s 
suc h as ;  reducin g fabri c  U  value s  t o  ~0.4W/m 2K an d incorporatin g hig h 
performanc e  loadin g ba y doors ,  ca n reduc e  th e  spac e  heatin g requiremen t  o f 
industria l  building s  b y u p t o  40 % (Hughes ,  1989) .  Afte r  applyin g thes e 
energ y conservatio n measure s  ther e  i s  onl y limite d potentia l  fo r  furthe r 
displacin g spac e  heatin g wit h passiv e  sola r  gains .  Thi s  i s  particularl y 
tru e  o f  building s  whic h hav e  a  hig h leve l  o f  interna l  hea t  gains .  Ther e  i s 
however ,  considerabl e  scop e  fo r  savin g energ y b y displacin g artificia l 
lightin g wit h daylight ,  an d sinc e  th e  energ y save d i s  electricit y  th e 
financia l  valu e  an d environmenta l  benefit s  hav e  greate r  significance . 

The  thre e  type s  o f  accommodatio n typicall y  provide d b y industria l 
buildings ,  offices ,  workshop s  an d warehouse s  hav e  distinc t  requirement s 
fo r  temperature ,  lightin g level s  an d othe r  environmenta l  criteria .  I n  th e 
scheme s  presente d below ,  th e  architect s  wer e  aske d t o  conside r  carefull y 
th e  environmenta l  requirement s  o f  eac h spac e  a t  th e  outse t  o f  th e  design . 

Jestic o -t- While s  Desig n 

The  furnitur e  make r  SunarHauserma n require d a  hig h qualit y  buildin g wit h a 
stron g visua l  imag e  fo r  it s  Europea n HQ .  I n thei r  proposal ,  Jestic o + 
While s  designe d eac h o f  th e  thre e  mai n areas ,  offices ,  assembl y sho p an d 
warehouse ,  wit h a n environmenta l  responsivenes s  appropriat e  t o  it s  function . 

A 2120m 2 warehous e  i s  locate d a t  th e  nort h en d o f  th e  buildin g i n  th e  for m 
of  a  wel l  insulate d bo x wit h smal l  windows .  Th e  storag e  o f  ligh t  sensitiv e 
material s  an d th e  lo w comfor t  temperatur e  requiremen t  o f  thi s  spac e  mean t 
tha t  dayligh t  an d sola r  hea t  gain s  woul d no t  hav e  bee n welcome . 

The  centra l  sectio n o f  th e  buildin g i s  occupie d b y a  1030m 2 assembl y sho p 
whic h i s  dayli t  throug h tw o sout h facin g rooflight s  runnin g th e  lengt h o f 
th e  building .  Facin g th e  brighte r  souther n horizon ,  a  smalle r  glaze d are a 
i s  require d t o  achiev e  a  give n leve l  o f  dayligh t  an d henc e  hea t  los s  ca n b e 
reduced .  Eac h roofligh t  i s  shade d b y a  serie s  o f  louvre s  suspende d i n  a n 
extensio n o f  th e  curve d roo f  frame .  Thes e  shadin g device s  allo w diffus e 
ligh t  an d lo w altitud e  sola r  radiatio n t o  enter ,  bu t  rejec t  hig h altitud e 
summertim e  sola r  radiation .  Ductwor k an d servic e  zone s  hav e  bee n designate d 
i n  orde r  t o  limi t  th e  obscuratio n o f  th e  rooflights . 
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Th e  1530m 2 office s  ar e  locate d t o  th e  sout h o f  th e  assembl y space ,  separate d 
by a  courtyar d whic h enable s  a n otherwis e  dee p pla n offic e  t o  b e  dayli t  an d 
natura l  ventilated ,  a s  wel l  a s  providin g a  pleasan t  recreatio n space .  O n 
th e  souther n elevatio n horizonta l  shadin g extend s  throug h th e  fenestratio n 
t o  for m a n interna l  ligh t  shel f  wit h th e  intentio n o f  improvin g th e 
distributio n o f  dayligh t  b y reducin g dayligh t  level s  clos e  t o  th e  windo w an d 
increasin g the m furthe r  away .  Th e  luminaire s  an d thei r  contro l  syste m hav e 
bee n carefull y  designe d t o  respon d t o  th e  availabilit y  o f  daylight . 

Fig .  1 .  Jestic o +  While s  desig n fo r  SunarHauserma n 

Schem e  Assessment .  Nearl y 60 % o f  th e  lightin g energ y deman d shoul d b e  save d 
by compariso n wit h th e  referenc e  buildings ,  bu t  th e  heatin g deman d likel y t o 
b e  50 % higher .  I n  energ y cos t  term s  th e  desig n achieve s  a n overal l  savin g 
o f  22 % compare d t o  th e  referenc e  building .  I t  i s  importan t  t o  realis e  tha t 
saving s  i n  lightin g energ y deman d d o no t  translat e  directl y  int o energ y cos t 
saving s  sinc e  th e  maximu m deman d elemen t  o f  th e  tarif f  i s  unlikel y t o  b e 
reduce d i n  th e  winte r  perio d whe n light s  wil l  b e  o n a t  leas t  par t  o f  th e 
time .  Generally ,  th e  valu e  o f  daylightin g an d sola r  hea t  gain s  outweig h th e 
cos t  o f  th e  hea t  los t  throug h th e  window s  an d rooflights .  Th e  exceptio n i s 
th e  nort h offic e  facad e  ont o th e  courtyar d whic h i s  excessivel y glazed . 

By compariso n wit h th e  referenc e  buildings ,  whic h suffe r  badl y fro m 
overheatin g ( a  commo n complain t  i n  man y factories) ,  th e  fina l  desig n show s 
no overheatin g i n  an y are a  o f  th e  building .  Visua l  comfor t  shoul d b e 
considerabl y enhance d i n  al l  area s  a s  a  resul t  o f  th e  carefu l  desig n o f 
externa l  an d interna l  shadin g devices . 

Th e  estimate d cos t  o f  th e  fina l  desig n a t  £450/m 2 i s  withi n th e  origina l 
clien t  budge t  o f  £485/m 2 an d show s  a  cos t  reductio n o f  £42/m 2 fro m th e 
interi m shem e  design .  SunarHauserman' s  managin g directo r  conclude d tha t 
"th e  desig n represente d a n excellen t  investmen t  ... .  an d coul d b e  funde d b y 
norma l  financia l  institutions. " 

Th e  Ryde r  Nick!i n Partnershi p Desig n 

Graphe x Industria l  Ar t  ar e  a  desig n consciou s  compan y wh o require d a  ne w 
facilit y  fo r  manufacturin g sign s  an d exhibitio n materials .  I n  thei r  compac t 
squar e  shape d design ,  th e  Ryde r  Nickli n  Partnershi p provide d 1762m 2 o f 
double-heigh t  worksho p an d 894m 2 o f  offic e  spac e  o n tw o floors .  Th e  mai n 
featur e  o f  th e  desig n i s  th e  so-calle d "responsiv e  roof "  whic h comprise s 
fiv e  'Toblerone '  shape d rooflight s  wit h slopin g face s  orientate d 
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north/south .  Reflectiv e  rolle r  blind s  operat e  unde r  th e  sout h fac e  o f  th e 
rooflight s  respondin g t o  temperatur e  an d sola r  radiatio n i n  orde r  t o  comba t 

overheatin g an d glare .  A t  th e  interi m desig n stag e  th e  buildin g ha d si x 
rooflight s  an d a  substantia l  amoun t  o f  sid e  glazin g i n  th e  workshop ,  th e 
combine d effec t  o f  whic h wer e  ver y hig h level s  o f  daylight .  Removin g on e 
roofligh t  an d muc h o f  th e  sid e  glazin g reduce d bot h th e  buildin g hea t  los s 
an d th e  capita l  cos t  withou t  affectin g th e  lightin g energ y savings . 

I n  thi s  desig n th e  office s  ar e  locate d a t  th e  nort h en d o f  th e  buildin g 
sinc e  th e  exten t  o f  interna l  hea t  gain s  suggeste d tha t  sola r  gain s  durin g 
th e  heatin g seaso n woul d no t  b e  useful .  Facin g north ,  i t  wa s  possibl e  t o 
siz e  th e  doubl e  glaze d window s  t o  provid e  adequat e  dayligh t  withou t  th e  nee d 
fo r  shading .  Daylightin g i n  th e  firs t  floo r  offic e  i s  supplemente d b y on e 
o f  th e  rooflight s  whic h ha s  a  horizonta l  leyligh t  underneat h i t  t o  preven t 
col d dow n draught s  an d t o  diffus e  incomin g sola r  radiation . 

Schem e  Assessment .  Nearl y 60 % o f  th e  lightin g energ y deman d an d 20 % o f  th e 
heatin g energ y deman d shoul d b e  save d b y compariso n wit h th e  referenc e 
building .  I n  energ y cos t  term s  th e  desig n achieve s  a n overal l  savin g o f  36 % 
compare d t o  th e  referenc e  building .  O n balance ,  th e  valu e  o f  daylightin g 
an d sola r  hea t  gain s  ar e  substantiall y  large r  tha n th e  cos t  o f  hea t  los t 
throug h th e  window s  an d rooflights . 

Th e  rooflight s  provid e  evenl y distributed ,  adequat e  level s  o f  dayligh t  i n 
nearl y  al l  areas .  Th e  rolle r  blind s  unde r  th e  sout h fac e  o f  th e  rooflights , 
an d opening s  fo r  natura l  ventilatio n i n  th e  nort h fac e  combin e  t o  limi t 
overheatin g t o  les s  tha n 2 % o f  th e  workin g yea r  i n  th e  workshop . 

Th e  estimate d cos t  o f  th e  fina l  desig n a t  £412/m 2 i s  £4/m 2 les s  tha n th e 
estimate d cos t  o f  th e  referenc e  buildin g an d show s  a  cos t  reductio n o f 
£55/m 2 fro m th e  interi m proposal .  I n  th e  client' s  opinio n "...th e 
advantage s  o f  dayligh t  an d a  vie w t o th e  outsid e  ca n no t  b e  overestimated . 
Th e  desig n appear s  t o  offe r  ampl e  opportunitie s  t o  creat e  a n excellen t 
workin g environment. "  Graphe x wer e  "ver y impressed "  wit h th e  predicte d 
annua l  energ y cos t  savin g o f  £2,150 . 

Fig .  2 . Ryde r  Nickli n  desig n fo r  Graphe x 
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Th e  EC D Partnershi p Desig n 

Englis h Estate s  presente d Th e  EC D Partnershi p wit h a  ver y tigh t  budge t 
(£332/m 2)  withi n whic h t o  desig n a  speculativ e  industria l  buildin g 
containin g 1600m 2 o f  worksho p spac e  an d 600m 2 o f  offic e  space .  Englis h 
Estate s  normall y requir e  th e  provisio n o f  roofligh t  area s  a t  leas t 
equivalen t  t o  10 % o f  th e  floo r  are a  i n  thei r  speculativ e  industria l 
buildings .  I n  respons e  t o  thi s  brie f  EC D applie d considerabl e  effor t  t o 
optimisin g th e  siz e  an d locatio n o f  rooflight s  i n  orde r  t o  obtai n goo d 
daylightin g wit h minima l  overheating . 

As  wit h th e  Ryde r  Nickli n  design ,  offices ,  workshop s  an d store s  ar e  al l 
enclose d i n  a  simpl e  rectangula r  building .  GR P rooflight s  ar e  incorporate d 
i n  continuou s  strip s  a s  fa r  a s  possibl e  o n th e  nort h facin g slope s  o f  th e 
roof .  Physica l  scal e  model s  wer e  use d t o  establis h dayligh t  level s  an d 
distributio n patterns .  Th e  resultan t  unifor m distributio n o f  dayligh t  i n 
th e  worksho p allow s  th e  artificia l  lightin g syste m t o b e  controlle d b y a 
singl e  switchin g circuit .  Th e  office s  i n  thi s  desig n ar e  locate d o n tw o 
floor s  a t  th e  nort h o f  th e  buildin g an d ar e  dayli t  b y nort h facin g windows , 
thereb y avoidin g th e  nee d fo r  expensiv e  sola r  shading . 

Natura l  ventilatio n o f  th e  worksho p i s  achieve d i n  th e  summe r  month s  b y 
openin g th e  loadin g ba y doors ,  an d i f  necessar y operatin g fan s  a t  hig h leve l 
i n  th e  eas t  an d wes t  facades .  I n  th e  offices ,  natura l  ventilatio n i s 
enable d throug h controllabl e  lo w leve l  vent s  an d openin g skylights . 

Schem e  Assessment .  Th e  EC D desig n give s  ris e  t o  50 % saving s  i n  lightin g 
energ y deman d an d onl y a  smal l  increas e  i n  heatin g energ y deman d compare d t o 
th e  referenc e  building .  Overall ,  th e  annua l  energ y cos t  saving s  amoun t  t o 
30%,  o r  £1,570 .  Th e  desig n i s  estimate d t o  cos t  £6/m 2 (2% )  mor e  tha n th e 
referenc e  buildin g du e  t o  large r  roofligh t  area s  an d lightin g controls . 

Diffusin g GR P rooflight s  locate d o n th e  nort h facin g roo f  slope s  wil l  reduc e 
glare ,  bu t  ar e  unlikel y t o  eliminat e  it .  Th e  predicte d incidenc e  o f 
overheatin g a t  4%  o f  th e  workin g yea r  i s  substantiall y  les s  tha n tha t 
predicte d fo r  th e  referenc e  building . 

Overall ,  th e  desig n i s  a  credibl e  an d attractiv e  solutio n t o  th e  provisio n 
of  thi s  typ e  o f  lo w cos t  industria l  building .  Recognisin g th e  wid e  rang e  o f 
potentia l  tenant s  an d owner s  fo r  thei r  buildings ,  Englis h Estate s  fel t  tha t 
thi s  desig n approac h coul d b e  bes t  employe d wher e  th e  typ e  o f  buildin g 
occupan t  wa s  identifie d a t  th e  outset . 

Fig .  3 . ECD Partnershi p desig n fo r  Englis h Estate s 
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Tabl e  1 .  Energ y an d cos t  dat a  fo r  design s  an d referenc e  building s 

Clien t 
Architec t 

SunarHauserma n 
Jestic o +  While s 

Graphe x 
Ryde r  Nickli n 

Englis h Estate s 
ECD Partnershi p 

Desig n Ref.Bld g Desig n Ref.Bld g Desig n Ref.Bld g 

Capita l  Cos t  £/m 2 £45 0 £48 5 £41 2 £41 6 £33 8 £33 2 

Heatin g kWh/m 2/y r 
Lightin g kWh/m 2/y r 

53. 7 
14. 5 

35. 7 
33. 0 

29. 1 
14. 3 

35. 7 
33. 0 

42. 3 
15. 7 

36. 3 
33. 8 

Heatin g Cos t  £/m 2/y r 
Lightin g Cos t  £/m 2/y r 
Fue l  Cos t  £/m 2/y r 

£.9 4 
£.8 0 

£1.7 4 

£.6 2 
£1.6 1 
£2.2 3 

£.5 1 
£.9 1 

£1.4 2 

£.6 2 
£1.6 1 
£2.2 3 

£.7 4 
£.9 3 

£1.6 7 

£.6 4 
£1.7 4 
£2.3 8 

% o f  Yea r  Overheate d 0% 25 % 2 % 25 % 4 % 22 % 

Importan t  LeBBon n 

Thi s  grou p o f  desig n studie s  ha s  s o fa r  reveale d that : 

•  ther e  i s  considerabl e  potentia l  fo r  savin g energ y throug h th e 
exploitatio n o f  dayligh t  i n  industria l  buildings . 

•  bot h nort h an d sout h facin g rooflight s  ca n b e  employe d t o  dayligh t 
workshops ,  bu t  sout h facin g rooflight s  mus t  b e  shaded . 

•  integratio n o f  artificia l  lightin g system s  an d thei r  control s  wit h 
daylightin g i s  vitall y  importan t  i f  energ y saving s  ar e  t o  b e  realised . 

•  performanc e  an d cos t  assessmen t  undertake n a t  th e  earl y  stage s  o f 
desig n ca n lea d t o  improve d energ y performanc e  a t  a  lowe r  capita l  cost . 

•  th e  fina l  desig n cost s  ar e  ver y clos e  t o  th e  target s  -  demonstratin g 
tha t  lo w energ y desig n nee d no t  involv e  highe r  capita l  expenditure . 

•  predicte d energ y saving s  hav e  bot h significan t  financia l  valu e  an d 
importan t  environmenta l  benefits . 
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ABSTRACT 

Th e  procedur e  i s  a n optimizatio n o f  th e  tota l  percen t  o f  th e 
sunli t  are a  an d th e  therma l  effec t  du e  t o  th e  bea m componen t  o f 
tota l  sola r  energ y o n th e  vertica l  exterio r  surface s  o f  a 
buildin g o f  minima l  energ y consumption ,  i n  Olgyays '  bioclimati c 
char t  whic h consider s  temperature ,  sola r  energy ,  wind , 
precipitation ,  relativ e  humidit y  an d vapo r  pressure .  Th e 
procedur e  i s  a  ne w an d comprehensiv e  interpretatio n o f  Olgyays ' 
wel l  know n Overheate d Perio d charts ,  b y replacin g th e  secon d 
positio n o f  th e  observe r  i n  hourl y simulatio n b y th e  origina l 
gnomoni c  diagram s  base d o n th e  firs t  positio n o f  th e  observer . 
Th e  procedur e  i s  presente d fo r  th e  us e  o f  architectural ,  urba n 
planning ,  an d energ y engineerin g purposes . 

KEYWORDS 

Passiv e  Sola r  Architecture ,  Olgyays '  Method ,  Energ y Conservativ e 
Design ,  Orientation ,  Shado w Analyse s 

ENERGY CONCIOUS DESIG N AN D PASSIV E SOLA R ARCHITECTURE 

Substitutio n o f  passiv e  sola r  system s  fo r  us e  o f  fossi l  fuel s  i n 
building s  t o  kee p th e  environmen t  biologicall y  clean ,  ca n mak e 
importan t  contribution s  t o  th e  healt h  o f  individual s  an d th e 
globa l  ecosystem ,  a s  wel l  a s  contributin g t o  th e  energ y economy . 
Passiv e  sola r  architectur e  integrate s  energ y conservatio n wit h 
passiv e  sola r  heating ,  natura l  coolin g an d daylightin g fo r  a 
comfortabl e  buildin g o f  % 50-9 0 les s  operatin g energy . 

Hour-by-hou r  simulatio n provide s  th e  backbon e  fo r  desig n 
analysis .  Fo r  smalle r  o r  simple r  building s  simplifie d method s 
ar e  usuall y  base d o n monthl y analysis .  Fo r  large r  o r  mor e 
comple x buildings ,  th e  us e  o f  th e  curren t  generatio n o f  powerfu l 
microcomputer s  ar e  advise d i n  simulatio n directl y  fo r  desig n 
(Balcom b an d Jones ,  1988 ;  Little ,  1979 ;  Kusuda ,  1980) . 
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S h a d o w A n a l y s i s  T e c h n i q u e s 

Shado w analysi s  technique s  fo r  buildin g energ y studie s  ar e 
examine d i n  tw o paralle l  group s  o f  classificatio n fElagoz,1989) : 
A.  Th e  method s  dea l  eithe r  wit h th e  buildin g a s  a  whol e  o r  onl y 

wit h th e  windows . 
B.  Shadin g an d sola r  influence s  o n a  buildin g ca n b e  understoo d 

fro m tw o differen t  observe r  position s  (Wright ,  1982) : 

1.  Th e o b s e r v e r  s t a n d s a t t h e g r o u n d o r  t h e b u i l d i n g e l e m e n t 
an d l o o k s t o w a r d t h e S u n . Th e  entir e  yearl y  movement s  o f  th e 
Su n an d relationshi p t o  th e  modifyin g intermediat e  condition s 
ar e  see n a t  on e  time :  thus ,  fro m th e  singl e  statio n point ,  th e 
observe r  ha s  a  yearl y  pictur e  o f  sola r  movement .  Th e 
disadavantag e  o f  thi s  techniqu e  i s  tha t  ever y positio n o f  th e 
subjec t  surfac e  mus t  b e  seperatel y analyze d wit h a  a  ne w drawin g 
an d accompanyin g calculations .  Fo r  a  tota l  analysis ,  a 
continiou s  three-dimentiona l  sit e  volum e  mus t  necessaril y  b e 
broke n int o discret e  representativ e  point s  eac h o f  whic h i s 
seperatel y analyzed .  Withou t  intermediat e  obstruction s  an y 
poin t  o n a  sit e  i s  equivalen t  i n  a  sola r  analysis ,  sinc e  sola r 
ray s  ar e  parellel .  Howeve r  whe n th e  obstructio n i s  larg e  o r 
close ,  it s  influenc e  o n differen t  statio n point s  ma y b e  quit e 
varied .  Sinc e  th e  proximit y o f  th e  obstructio n determine s  th e 
th e  degre e  o f  variatio n i n  comple x situations ,  difference s  ma y 
be  considerable .  Therefore ,  th e  movemen t  o r  locatio n o f  shadow s 
i s  impossibl e  t o  analyze ,  fo r  onl y b y acciden t  ca n on e  determin e 
whethe r  th e  discret e  objec t  poin t  i s  a t  a  shado w edge :  tota l 
overshadowin g effect s  an d shado w pattern s  canno t  b e  seen ,  no r 
ca n th e  entir e  buildin g b e  examine d a t  on e  time . 

2 .  Th e o b s e r v e r  i s l o c a t e d a t a s p o t b e t w e e n t h e Su n an d t h e 
b u i l d i n g . B y considerin g bot h th e  Su n an d th e  entir e  buildin g 
a t  once ,  al l  surface s  i n  an y orientatio n ca n b e  observe d unde r 
sola r  illumination .  Th e  relationshi p o f  on e  portio n o f  th e  sit e 
ca n b e  understoo d actin g o n anothe r  portio n o f  th e  site . 

Numerou s  example s  (Elagoz ,  1989 )  sho w tha t  th e  observer , 
generally ,  i s  i n  th e  firs t  positio n i n  th e  method s  dealin g onl y 
wit h th e  windows ,  an d h e  i s  i n  th e  secon d positio n i n  th e 
method s  whic h conside r  th e  buildin g a s  a  whole . 

Gnomonl c  Projection s  (o r  Su n Pat h Diagrams )  a s  havin g 
significan t  emphasi s  i n  Olgyays '  method ,  hav e  bee n widel y use d 

S-Qla r  F a d i a t i o n D a t a  f o r P a s s i v e  A r c h i t e c t u r e 

Much o f  th e  pas t  sola r  radiatio n dat a  wil l  b e  rehabiliate d an d 
additiona l  dat a  wil l  b e  collecte d i n  th e  future :  however ,  i t  i s 
unlikel y tha t  th e  hourl y dat a  t o  b e  take n wil l  b e  extende d t o 
cove r  surface s  othe r  tha n th e  horizonta l  fo r  th e  majorit y  o f  th e 
stations .  Usin g Li u an d Jordan' s  (1960 ,  1961 ,  1963 )  emperica l 
correlations ,  i t  i s  possibl e  t o  estimat e  monthl y averag e  dail y 
tota l  radiatio n o n a  horizonta l  surface ,  divid e  th e  dail y  tota l 
int o direc t  an d diffus e  components ,  conver t  eac h componen t  int o 
hourl y values ,  an d the n comput e  th e  hourl y valu e  o f  eithe r 
componen t  o n a  surfac e  o f  an y orientatio n desire d CDuffie -
Beckman ,  1980 :  Kusuda-Ishii ,  1977) . 
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fo r  shadin g stud y techniques .  Th e  eun-pat h diagram s  ar e  th e  mos t 
efficien t  tool s  t o  dra w shadow s  o n horizonta l  surface s  bu t  shar e 
th e  commo n failing s  mentione d below : 
1.  The y requir e  severa l  kind s  o f  constructe d drawing s  suc h a s 

plans ,  elevations ,  section s  whic h ar e  tim e  consumin g t o  mak e 
2 .  ar e  illustrativ e  o f  onl y on e  vie w slice ,  an d ar e  tru e  fo r 

onl y on e  observatio n poin t  i n  th e  project , 
3 .  usuall y  assig n th e  21s t  o f  eac h mont h a s  a  representativ e 

mothl y day .  Thi e  simplificatio n ignore s  th e  characteristic s 
o f  day-to-da y sola r  movement ,  whic h i s  les s  rapi d a t  th e 
solstice s  tha n nea r  th e  equinoxes . 

4 .  Th e  chart s  themselves ,  requir e  specia l  scalin g an d ar e 
unmanageabl e  i n  thei r  sizes . 

NEW PROCEDURE 

Th e  procedur e  i s  a  ne w an d comprehensiv e  interpretatio n o f 
Olgyays '  wel l  know n Overheate d perio d charts .  B y replacin g th e 
secon d positio n o f  th e  observe r  i n  hourl y simulatio n b y th e 
origina l  gnomoni c  diagram s  base d o n th e  firs t  positio n o f  th e 
observer ,  th e  procedur e  get s  close r  t o  th e  aim s  o f 
Olgyays'(1963 )  metho d i n  th e  interpretatio n o f  architectura l 
principles ,  sit e  selection ,  sol-ai r  orientation ,  sola r  control , 
environmen t  an d buildin g forms ,  win d effect s  an d air-flo w 
patterns ,  an d finall y  th e  therma l  effect s  o f  materials .  I t  i s 
compile d i n  tw o part s  an d eleve n step s  a s  follow s  : 

Th e  firs t  par t  o f  th e  procedur e  deal s  wit h th e  change s  i n  th e 
sum s  o f  th e  tota l  annua l  percent s  o f  sunli t  area s  (sunn y portio n 
o f  tota l  exterio r  walls/tota l  are a  o f  exterio r  walls )  o f  a 
buildin g relativ e  t o  th e  change s  i n  location ,  for m an d th e 
orientation .  I n  th e  secon d part ,  th e  therma l  energ y o f  th e 
direc t  componen t  i s  adde d t o  th e  variable s  mentione d above . 
Thus ,  eac h wal l  i s  take n int o consideratio n seperately ,  wit h th e 
change s  o f  intensit y  o f  direc t  sola r  energ y an d th e  percentage s 
o f  sunli t  are a  o n it . 
1.  Olgyays '  bioclimati c  char t  i s  adapte d t o  th e  geographica l 

place .  Th e  Overheate d an d th e  Underheate d period s  fo r 
selecte d hour s  o f  daytim e  ar e  marke d fo r  selecte d days .  Fo r 
th e  selecte d hour s  o f  th e  selecte d day s 

2 .  percentage s  o f  sunligh t  o n th e  wall s  o f  th e  buildin g o f  a 
give n orientatio n ar e  computed ,  wit h an y shadin g algorith m 
o f  paralle l  projection . 

3 .  area s  o f  sunligh t  ( m 2)  o n th e  wall s  o f  th e  buildin g o f  a 
give n orientatio n ar e  computed , 

4 .  tota l  percentage s  o f  sunligh t  o n th e  buildin g ar e 
compute d an d groupe d unde r  tw o intensities ,  e.i .  th e 
Overheate d an d th e  Underheated . 

5.  Th e  annua l  sum s  o f  th e  tota l  percentage s  o f  sunligh t  fo r 
th e  Overheate d an d Underheate d period s  ar e  devide d b y th e 
numbe r  o f  th e  Overheate d an d Underheate d daytim e  hour s 
respectively .  Thi s  ste p give s  th e  intermediat e  result . 

6.  Sola r  therma l  energ y du e  t o  th e  bea m componen t  o f  hourl y 
radiatio n i s  compute d fo r  eac h orientatio n  ( K J / m a. h ) . 

7 .  Sola r  therma l  energ y du e  t o  th e  bea m componen t  o f  hourl y 
radiatio n i s  compute d fo r  eac h wal l  ( K J / h ) . 

8 .  Tota l  sola r  therma l  energ y gai n o f  th e  buildin g du e  t o  th e 
bea m componen t  o f  hourl y radiatio n i s  compute d  ( K J / h ) . 

9.  Annua l  hourl y sola r  therma l  energ y gain s  o f  th e  buildin g 
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du e  t o  th e  bea m componen t  o f  sola r  energ y ar e  groupe d 
unde r  tw o intensities ,  th e  Overheate d an d th e  Underheated . 

10 .  Th e  annua l  sum s  o f  sola r  therma l  energ y gain s  o f  th e 
buildin g du e  t o  th e  bea m componen t  o f  sola r  energ y fo r  th e 
Overheate d an d Underheate d group s  ar e  devide d b y th e  numbe r 
o f  Overeate d an d underheate d daytim e  hour s  respectively . 

11 .  Th e  result s  o f  th e  fift h  an d tent h step s  ar e  evaluate d 
comparatively . 

Th e  firs t  par t  o f  th e  procedur e  i s  applie d t o  thre e  block s 
(Fig.l )  o f  th e  sam e  are a  an d hight ,  bu t  o f  differen t  design ,  fo r 
Istanbu l  an d Antaly a  an d fo r  1. ,  11. ,  an d 21 .  day s  (Fig.2 )  o f 
th e  month s  wit h Zeren' s  (1962 ,  1967 )  adoptatio n o f  Olgya y 
charts .  Fo r  th e  secon d part ,  however ,  onl y th e  secon d bloc k i s 
examine d fo r  Istanbul ,  an d onl y fo r  21 .  day s  (Fig .  3 ,  4 )  o f  th e 
months .  Henc e  comparison s  o f  tw o set s  o f  meteorologica l  dat a  an d 
al l  th e  parameter s  mentione d abov e  ma y b e  see n clearl y  fro m th e 
graphic s  relativ e  t o  th e  change s  i n  eigh t  orientations ,  e.i. ,  N , 
NE,  E ,  SE ,  S ,  SW,  W,  an d NW. 
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Althoug h percentage s  o f  sunligh t  o n th e  vertica l  exterio r  wall s 
ar e  compute d wit h progra m Sunlight ,  a  shadin g techniqu e  base d 
on a  paralle l  projectio n algorith m an d th e  inclusio n o f  th e 
therma l  effec t  mentione d abov e  i s  don e  b y Liu-Jordan' s  wel l 
know n equations ,  th e  procedur e  i s  applicabl e  t o  othe r 
scientists '  formula e  an d shado w analysi s  model s  a s  well . 

RESULT 

Th e  procedur e  ma y b e  use d t o  generat e  a  wid e  variet y  o f  buildin g 
block s  an d t o  defin e  alternativ e  proportio n o f  block' s  side s 
Th e  irradianc e  loa d an d th e  climatologica l  effect s  o n externa l 
surface s  o f  buildin g block s  ma y b e  evaluate d fo r  an y 
orientation ,  tim e  o f  da y an d fo r  differen t  localitie s  t o  defin e 
physica l  characteristic s  o f  buildin g surfaces .  Th e  procedur e 
generate s  usefu l  informatio n fo r  th e  contro l  o f  sola r  an d 
climataologica l  environmen t  an d t o  develo p buildin g regulation s 
fo r  plannin g control .  Thu s  th e  procedur e  ma y b e  employe d i n 
conjunctio n wit h othe r  performanc e  criteri a  fo r  a  sythesi s  o f  a n 
integrate d architectura l  solution . 
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ABSTRAC T 

Thi s  pape r  i s  base d o n a  stud y carrie d ou t  fo r  DGXI I  o f  th e 
Commissio n o f  th e  Europea n Communitie s  i n  1989/9 0 o n th e  curren t 
an d potentia l  futur e  us e  o f  passiv e  sola r  energ y i n  building s 
throughou t  Europe .  Presente d her e  ar e  th e  result s  fo r  eigh t 
norther n countries ,  Belgium ,  Denmark ,  France ,  Wes t  Germany , 
Ireland ,  Luxembourg ,  th e  Netherland s  an d th e  UK. 

KEYWORD S 

Buildings ;  cooling ;  energy ;  heating ;  lighting ;  solar . 

PURPOS E OF THE STUDY 

The  stud y se t  ou t  t o  answe r  thre e  mai n question s 

How muc h sola r  energ y i s  currentl y  use d i n  building s  i n  th e 
Europea n Community ? 
How muc h sola r  energ y coul d b e  use d i n  th e  future ,  i n  th e  year s 
200 0 an d 2010 ? 
What  coul d b e  th e  consequen t  reductio n i n  pollution ,  particularl y 
th e  reductio n i n  carbo n dioxid e  (C0 2) ? 

USING SOLAR ENERG Y 

Makin g us e  o f  th e  sun' s  energ y ha s  alway s  bee n a n essentia l  par t 
of  living .  Al l  building s  ca n b e  designe d t o  mak e  us e  o f  th e  su n 
fo r  heatin g an d t o  exclud e  th e  su n t o  sto p overheating .  Th e  su n 
als o provide s  natura l  daylightin g insid e  buildings . 
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Passiv e  sola r  definitions : 

Thi s  stud y look s  a t  th e  us e  o f  passiv e  sola r  energ y i n  al l 
building s  fo r  heating ,  coolin g an d lighting .  Heatin g b y passiv e 
sola r  energ y wa s  define d a s  th e  su n enterin g a  buildin g directl y 
throug h th e  window s  o r  indirectl y  throug h sunspaces ,  wal l  panel s 
etc ,  an d bein g use d o r  store d insid e  th e  buildin g wit h littl e  o r 
n o us e  o f  fan s  o r  pumps .  Coolin g b y passiv e  sola r  desig n wa s 
define d a s  shading ,  natura l  ventilatio n an d th e  us e  o f  naturall y 
coole d ai r  (fro m th e  groun d o r  evaporativ e  cooling )  t o  sto p a 
buildin g overheating .  Daylightin g b y passiv e  desig n wa s  define d 
a s  allowin g natura l  ligh t  t o  ente r  dee p int o a  buildin g an d 
ensurin g tha t  artificia l  lightin g i s  onl y i n  us e  whe n natura l 
lightin g i s  insufficient . 

Passiv e  desig n i n  ne w buildings ,  refurbishment s  an d fo r 
retrofitting . 

Al l  building s  mak e  us e  o f  som e  sola r  gai n fo r  heatin g an d 
lightin g an d thi s  us e  ca n b e  increase d a t  an y stag e  i n  th e 
building' s  life .  Th e  simples t  an d mos t  effectiv e  wa y i s  a t  th e 
desig n stage ,  whe n sola r  heating ,  coolin g an d daylightin g 
measure s  ca n b e  incorporate d wit h minima l  extr a  cos t  o r 
inconvenience .  Durin g majo r  refurbishment ,  som e  sola r  measure s 
ca n b e  introduce d wit h significan t  effects .  Lastly ,  som e  sola r 
measure s  ca n b e  adde d o n t o  a  buildin g a t  an y time ,  sunspaces , 
shadin g devices ,  transparen t  insulatio n cladding ,  etc . 

ESTIMATING SOLAR ENERGY US E 

Th e  "spreadsheet "  an d informatio n sources . 

Th e  metho d use d wa s  t o  buil d  u p th e  tota l  sola r  usag e  fro m al l 
th e  constituen t  parts ,  i n  al l  th e  constituen t  countries .  A 
compute r  "spreadsheet "  wa s  developed ,  on e  fo r  eac h country ,  an d 
availabl e  information ,  estimate s  an d projection s  inserted . 
Informatio n wa s  collecte d fro m publishe d source s  suc h a s  th e  CE C 
Eurostat s  data ,  unpublishe d paper s  an d document s  an d expert s  i n 
eac h country .  Muc h o f  th e  informatio n require d wa s  simpl y no t 
available ,  s o estimate s  wer e  mad e  o n th e  basi s  o f  wha t  wa s 
available ,  compariso n wit h othe r  countrie s  an d exper t  opinion . 
Th e  spreadshee t  approac h make s  futur e  updating ,  whe n ne w 
informatio n become s  available ,  fairl y  straightforward . 

Bas e  an d "technica l  potential "  sola r  contributions . 

Th e  "bas e  case "  sola r  usag e  wa s  define d a s  th e  contributio n o f 
passiv e  sola r  desig n t o  heatin g an d coolin g load s  i f  n o actio n 
i s  take n t o  increas e  th e  usag e  i n  th e  future .  Th e  bas e  cas e  doe s 
no t  includ e  an y sola r  contributio n fo r  daylightin g i n  eithe r 
house s  o r  non-domesti c  buildings . 

Th e  "technica l  potential "  sola r  contribution s  t o  heating ,  coolin g 
an d lightin g wer e  define d a s  th e  maximu m achievabl e  overal l  i n 
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th e  year s  2 0 0 0 an d  2 0 1 0 , takin g int o accoun t  technica l 
difficultie s  suc h a s  overshadin g bu t  assumin g tha t  otherwis e  al l 
house s  woul d b e  buil t  o r  refurbishe d accordin g t o  sola r 
principles .  Clearl y  thi s  potentia l  wil l  no t  b e  achieve d withou t 
drasti c  measures .  Thi s  i s  discusse d later . 

Sola r  heatin g i n  houses . 

Usin g sola r  energ y t o  hea t  house s  i s  th e  bes t  researche d an d 
documente d are a  i n  th e  fiel d o f  passiv e  sola r  research .  Th e 
current ,  o r  base ,  sola r  usag e  wa s  buil t  u p fo r  eac h countr y fro m 
th e  numbe r  o f  houses ,  thei r  gros s  heatin g deman d an d th e 
percentag e  sola r  contribution s  a s  determine d fro m monitorin g 
projects .  Ne w build ,  refurbishmen t  an d demolitio n rate s  wer e 
use d togethe r  wit h sola r  contribution s  monitore d i n  ne w an d 
refurbishe d sola r  house s  t o  estimat e  technica l  potentia l  sola r 
contribution s  fo r  2 0 0 0 an d 2 0 1 0 . 

Sola r  coolin g i n  houses . 

The  nee d fo r  coolin g i n  house s  wa s  onl y considere d fo r  countrie s 
i n  souther n latitude s  bu t  thi s  include s  Franc e  t o  a  smal l  extent . 
Passiv e  o r  natura l  coolin g desig n i s  estimate d i n  thi s  stud y t o 
currentl y  provid e  hal f  o f  th e  deman d i n  house s  wher e  coolin g i s 
necessar y bu t  wher e  air-conditionin g i s  no t  used .  I n  th e  smal l 
proportio n o f  house s  alread y usin g air-conditioning ,  n o passiv e 
coolin g contributio n wa s  considered .  Th e  possibl e  contributio n 
of  passiv e  desig n fo r  th e  year s  2 0 0 0 an d  2 0 1 0 wa s  buil t  u p  fro m 
ne w buil d an d refurbishmen t  rate s  assumin g increase d natura l 
desig n contributio n rate s  t o  th e  coolin g demand . 

Daylightin g i n  houses . 

Daylightin g i n  house s  wa s  no t  considere d a s  a n  are a  o f  sola r  gai n 
sinc e  auxiliar y lightin g i s  no t  normall y require d i n  house s  i n 
th e  daytim e  s o n o saving s  ca n b e  mad e  b y improve d design . 

Offices ,  factories ,  school s  etc . 

The  non-domesti c  secto r  ha s  fa r  mor e  divers e  buildin g type s  an d 
les s  informatio n i s  available .  Broade r  estimate s  wer e  mad e 
mainl y o n th e  basi s  o f  curren t  energ y usag e  an d estimate s  o f 
increase s  i n  energ y consumptio n availabl e  fro m CE C research .  Ne w 
buil d an d refurbishmen t  rate s  wer e  forecas t  an d estimate s  mad e 
of  possibl e  sola r  contribution s  fro m cas e  studie s  an d othe r 
research .  Sola r  contribution s  to  heating ,  coolin g an d lightin g 
fo r  yea r  2 0 0 0 an d  2 0 1 0 wer e  buil t  u p i n  thi s  way . 

Pollutio n saving s  fro m sola r  design . 

Pollutio n saving s  i n  term s  o f  C 0 2,  S 0 2,  NOx an d nuclea r  wast e  fo r 
eac h countr y wer e  calculate d base d o n th e  fue l  spli t  withi n tha t 
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RESULT S - SOLAR ENERG Y USE AND POLLUTIO N REDUCTIO N 

Sola r  energ y us e  i n  199 0 compare d wit h othe r  fuels . 

Passiv e  sola r  energ y a t  presen t  supplie s  th e  «igh t  norther n 
countrie s  o f  th e  Europea n Communitie s  wit h th e  equivalen t  o f  6 1 
millio n tonne s  o f  oi l  equivalen t  (mtoe )  o f  primar y energ y pe r 
annum .  I n th e  buildin g secto r  alon e  (i e  excludin g industria l 
proces s  hea t  an d transportatio n energ y use )  sola r  energ y supplie s 
11 % o f  th e  tota l  (figur e  1 ) .  Thu s  i t  i s  clea r  tha t  sola r  energ y 
i s  alread y a  ver y importan t  fue l  i n  norther n Europe . 

Sola r  energ y us e  i n  th e  future . 

Ove r  th e  nex t  2 0 years ,  i f  n o specifi c  actio n i s  take n t o  promot e 
th e  us e  o f  passiv e  sola r  energy ,  a  smal l  ris e  o f  4.5 % abov e  th e 
199 0 level s  i s  predicte d b y th e  yea r  2000 ,  fallin g bac k t o  th e 
199 0 leve l  b y th e  yea r  2010 .  Th e  reductio n i s  du e  t o  reduce d 
heatin g deman d resultin g fro m highe r  insulatio n standards . 
Howeve r  i f  actio n i s  taken ,  th e  potentia l  exist s  t o  greatl y 
increas e  th e  us e  o f  sola r  energy .  B y th e  yea r  200 0 th e  overal l 
amoun t  coul d b e  increase d b y 22 % o f  th e  199 0 usage ,  a n increas e 
o f  mor e  tha n 1 3 mtoe ,  an d b y 201 0 th e  amoun t  b y 43% ,  o r  mor e  tha n 
26 mto e  pe r  annum . 

Thes e  potential s  ar e  th e  maximu m technicall y  possibl e  an d includ e 
allowance s  fo r  building s  whic h canno t  b e  oriente d optimall y  etc . 
I n  practic e  th e  potentia l  wil l  b e  reduce d b y suc h factor s  a s  lo w 
tak e  u p rate s  an d poo r  desig n an d operation . 

Wher e  mos t  sola r  energ y i s  used . 

Figur e  2  show s  th e  increas e  i n  individua l  sola r  contributio n i n 
th e  5  categorie s  (domesti c  heating ,  non-domesti c  heating , 
domesti c  cooling ,  non-domesti c  coolin g an d non-domesti c  lighting ) 
fo r  th e  eigh t  countries . 

countr y an d th e  tota l  equivalen t  saving s  resultin g fro m th e  sola r 
design . 

Developmen t  o f  ne w technologies . 

Th e  estimate s  ar e  mad e  o n th e  basi s  o f  th e  us e  o f  trie d an d 
teste d method s  an d component s  fo r  maximisin g sola r  gain .  Whils t 
o n th e  on e  han d i t  i s  unlikel y tha t  al l  thes e  wil l  b e 
implemented ,  o n th e  othe r  han d i t  i s  possibl e  tha t  ne w 
technologie s  wil l  b e  develope d whic h coul d significantl y  increas e 
sola r  usage .  Ove r  th e  nex t  2 0 year s  th e  developmen t  o f 
transparen t  insulatio n seem s  likel y t o  hav e  th e  mos t  significan t 
effect . 
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FIGUR E 1 FIGUR E 2 

Eigh t Norther n  Europea n  Membe r Countrie s 

Fuel use  in housing and non-domesti c buildings  Solar energ y contribution s 
in the  eight norther n Europea n Countrie s  1990 
(exclude s  transpor t and industria l proces s  use) 1401 

Sola r  contribution s  t o  heatin g (nearl y  6 0 mto e  pe r  annum )  ar e  th e 
largest ,  i n  absolut e  terms ,  an d th e  larges t  increas e  i s  forecas t 
i n  sola r  heatin g i n  non-domesti c  building s  a t  ove r  1 1 mto e  pe r 
annu m b y 201 0 an d reflect s  th e  relativel y hig h rate s  o f  ne w 
constructio n an d refurbishmen t  i n  thi s  secto r  compare d t o 
housing .  Nearl y a s  larg e  i s  th e  increas e  i n  th e  us e  o f 
daylightin g i n  non-domesti c  buildings ,  a n increas e  o f  1 1 mto e  pe r 
annu m b y 2010 . 

Th e  contributio n o f  passiv e  sola r  desig n t o  th e  reductio n o f 
coolin g load s  give s  muc h smalle r  saving s  tha n tha t  t o  th e 
reductio n o f  heatin g loads ,  du e  t o  th e  smal l  nee d fo r  coolin g i n 
norther n Europe . 

Atmospheri c  pollutio n saving s  fro m th e  us e  o f  sola r  energy . 

At  presen t  passiv e  sola r  desig n save s  16 2 millio n tonne s  o f  C 0 2 

pe r  annum ,  0. 7 millio n tonne s  o f  S 0 2 an d 0. 2 millio n tonne s  o f 
Í Ï ÷ (Oxide s  o f  Ni t rogen) . 

Figur e  5  show s  th e  pollutio n saving s  arisin g fro m th e  us e  o f 
passiv e  sola r  energ y fo r  al l  eigh t  countries . 

I f  th e  technica l  potentia l  sola r  contribution s  determine d i n  thi s 
stud y wer e  achieved ,  th e  amoun t  o f  C 0 2 save d pe r  annu m b y th e 
yea r  201 0 woul d ris e  t o  22 3 millio n tonnes ,  a n increas e  o f  38% . 
Th e  annua l  savin g i n  C 0 2 productio n belo w 199 0 levels ,  du e  t o 
sola r  design ,  coul d b e  3 0 millio n tonne s  b y th e  yea r  200 0 an d 6 1 
millio n tonne s  b y th e  yea r  2010 . 

Potentia l  saving s  i n  S 0 2 an d NO x ar e  show n t o reduc e  i n  th e 
futur e  du e  t o  implementatio n o f  legislatio n t o  reduc e  emission s 
o f  thes e  gase s  fro m powe r  stations .  I f  target s  fo r  reductio n i n 
emission s  ar e  met ,  th e  problem s  associate d wit h emission s  o f  S 0 2 

an d N 0 X (principall y  "aci d rain" )  wil l  thu s  b e  greatl y  reduced . 
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FIGUR E 3 FIGUR E 4 
S o l ar e n e r gy u s a ge in t he e i g ht n o r t h e rn c o u n t r i es 1 9 90 

Populatio n  i n th e  eigh t  norther n countrie s  199 0 

FIGURE 5 
Eight Norther n Europea n Countrie s 

Two countries ,  German y an d th e  UK,  currentl y  contribut e  two 
third s  o f  th e  saving s  i n  C0 2 du e  t o  sola r  design .  Franc e 
contribute s  onl y 13 % t o th e  saving s  du e  t o  it s  larg e  nuclea r 
energ y sector .  Th e  pictur e  i s  broadl y unchange d b y  2010 ,  i f  th e 
technica l  potentia l  i s  achieved . 

Nuclea r  wast e  saving s  fro m th e  us e  o f  sola r  energy . 

At  presen t  sola r  energ y reduce s  nuclea r  wast e  b y  mor e  tha n 18 % 
fro m tha t  whic h woul d b e  produce d withou t  th e  sola r  contribution . 
Fiv e  countrie s  us e  nuclea r  powe r  bu t  Franc e  dominate s  an d 
contribute s  aroun d 77 % o f  th e  199 0 saving s  an d 67 % o f  th e  201 0 
potentia l  savings .  Overall ,  sola r  desig n coul d increas e  saving s 
of  nuclea r  wast e  b y  aroun d 67 % b y 2010 . 
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ABSTRACT 

A compariso n i s  mad e  betwee n norther n an d souther n latitud e  location s  o f 
th e  U.K .  wit h regar d t o  energ y requirement s  an d th e  availabilit y  o f  sola r 
an d win d energy .  Tw o cas e  studie s  ar e  presented ,  on e  o f  passiv e  sola r 
heatin g o f  loca l  authorit y  counci l  housin g a t  a  latitud e  locatio n o f  58°N , 
an d anothe r  o f  win d energ y fo r  holida y chalet s  a t  a  latitud e  locatio n o f 
60°N .  Finall y  a  cas e  i s  presente d t o  combin e  sola r  an d win d energ y t o 
reduc e  th e  mismatc h betwee n th e  availabilit y  o f  energ y an d it s  requirements . 

KEYWORDS 

Sun ;  wind ;  energy ;  sola r  an d win d energy ;  energ y a t  hig h latitudes . 

INTRODUCTION 

I n th e  nort h o f  Scotlan d th e  questio n i s  stil l  frequentl y  asked ,  "I s  ther e 
enoug h sunshin e  fo r  harnessin g sola r  energy?" .  Th e  cas e  fo r  highe r  sola r 
energ y utilisation ,  speciall y  fo r  passiv e  sola r  heating ,  coul d no t  b e  mor e 
straightforward .  Firstly ,  th e  irradiatio n o n sout h facin g incline d an d 
vertica l  surface s  a t  highe r  latitude s  i s  no t  significantl y  les s  tha n tha t  a t 
lowe r  latitudes .  Secondly ,  almos t  yea r  roun d requiremen t  fo r  spac e  heatin g 
a t  highe r  latitude s  make s  th e  matc h betwee n energ y need s  an d th e 
availabilit y  o f  sola r  energ y mor e  attractive .  Finall y  summe r  overheatin g a t 
highe r  latitude s  i s  les s  problematic . 

I n  th e  cas e  o f  win d energ y th e  matc h betwee n energ y need s  an d it s 
availabilit y  i s  muc h mor e  i n  tune .  I n  th e  U.K .  highe r  latitud e  location s 
ar e  generall y  windie r  tha n lowe r  latitud e  locations .  Also ,  th e  seasona l 
variation s  i n  sola r  an d win d energ y densitie s  complemen t  eac h other . 

AVAILABILIT Y O F SOLA R RADIATIO N AN D ENERGY REQUIREMENTS 

Althoug h th e  incidenc e  o f  sola r  radiatio n o n a  horizonta l  surfac e  decrease s 
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wit h increasin g latitude ,  th e  north/sout h divid e  i s  no t  clea r  cut .  Fo r 
example ,  ove r  a  3 0 yea r  period ,  Aberdee n recorde d 3.7 1 averag e  dail y  brigh t 
sunshin e  hours ,  compare d wit h 3.6 5 hour s  a t  Durham ,  3.5 5 hour s  a t  Birming -
ham,  an d 3.7 4 hour s  a t  Greenwic h (Meteorologica l  Office ,  1963) .  Thes e 
location s  li e  a t  latitude s  o f  57.1 ,  54.3 ,  52. 5 an d 51.5°N . 

Tabl e  1  show s  yearl y  irradiatio n o n horizonta l  an d sout h facin g (vertica l 
an d 45 °  inclined )  surface s  an d Degre e  Da y dat a  (bas e  18°C )  groupe d a t  tw o 
monthl y interval s  fo r  Lerwick ,  Aberdee n an d Ke w (Pag e  an d Lebens ,  1986) . 

Tabl e  1 .  Yearl y globa l  irradiatio n an d Degre e  Day s  fo r  thre e 
location s  (Value s  i n  bracket s  sho w % o f  Ke w values ) 

Locatio n 

Kew (51.5°N )  Aberdee n (57°N )  Lerwic k (60°N ) 

Yearl y irradiatio n (kWh/m z) 
Horizonta l  94 1 (100% )  86 4 (91.8% )  78 6 (83.5% ) 
Sout h (Vertical )  74 3 (100% )  74 7 (100.5% )  64 1 (86.3% ) 
Sout h (45° )  105 1 (100% )  100 3 (95.4% )  88 2 (83.9% ) 

Degre e  Day s  (bas e  18°C ) 
January ,  Decembe r 81 7 93 6 91 7 
February ,  Marc h 71 8 100 9 86 5 
April ,  Novembe r 58 9 74 3 77 8 
May,  Octobe r 38 1 56 2 63 0 
June ,  Septembe r 19 4 37 1 47 2 
July ,  Augus t 15 8 28 9 40 4 

Yearl y tota l 282 0 375 6 405 6 

Fo r  a  sout h facin g incline d surfac e  (optimu m fo r  activ e  systems )  ga p i n 
availabilit y  o f  sola r  radiatio n betwee n Aberdee n an d Ke w i s  narrowe d 
considerably ,  compare d wit h irradiatio n a t  a  horizonta l  surface .  Fo r 
passiv e  sola r  applications ,  a  sout h facin g vertica l  surfac e  i n  Aberdee n 
receive s  somewha t  mor e  irradiatio n tha n i n  Kew ,  reversin g th e  tren d o f  8.2 % 
lowe r  incidenc e  o n a  horizonta l  surface .  Th e  Degre e  Da y figure s  i n  Tabl e  1 
illustrat e  tha t  muc h highe r  spac e  heatin g loa d a t  highe r  latitud e  location s 
i s  presen t  betwee n Ma y an d October .  Th e  lowe r  latitud e  location s  ar e  mor e 
likel y t o  b e  unabl e  t o  utilis e  th e  availabl e  radiatio n an d i n  man y 
situation s  a  proble m o f  overheatin g ma y occur .  Utilisatio n o f  activ e  an d 
passiv e  sola r  therma l  system s  rarel y exceed s  30-40 % an d 15-25 % respectively . 

AVAILABILIT Y AN D POTENTIA L UTILISATIO N O F WIN D ENERGY 

The  win d dat a  recorde d a t  th e  Meteorologica l  Offic e  (MO )  site s  i s  no t  a 
goo d indicato r  fo r  th e  availabilit y  o f  win d power ,  a s  th e  loggin g equipmen t 
i s  usuall y  locate d o n a  fla t  groun d an d a t  a  lo w anemomete r  heigh t  o f 
aroun d 1 0 m .  Ther e  ar e  severa l  site s  whic h hav e  potentiall y  highe r  win d 
regim e  tha n thos e  a t  th e  MO sites .  Th e  MO sit e  dat a  o n mea n annua l  win d 
speed s  fo r  th e  perio d 1971-8 0 i s  give n i n  Tabl e  2  (Pag e  an d Lebens ,  1986) . 
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Tabl e  2 .  Mea n annua l  win d speed s  (m/s )  a t  U.K .  location s 

Plymout h 
Londo n 
Cardif f 
Aberport h 

5. 5 
3. 7 
5. 0 
6. 5 

Cambridg e 
Birmingha m 
Mancheste r 
Sheffiel d 
(1973-80 ) 

4. 8 
4. 4 
4. 5 
4. 0 

Glasgo w 
Aberdee n 
Lerwic k 

Belfas t 
Newcastl e 

4. 9 
4. 7 
4. 5 
5. 0 
7. 1 

The  win d energ y densit y  (W/ m )  i s  proportiona l  t o  (win d speed )  .  Doublin g 
th e  heigh t  o f  win d utilisatio n poin t  woul d increas e  win d energ y densit y  b y 
30 % t o 60 % o r  mor e  dependin g upo n th e  topograph y o f  th e  site .  Europea n Win d 
Atla s  (Troe n an d Peterson ,  1988 )  classifie s  whol e  o f  Scotlan d an d wester n 
coas t  o f  Irelan d a s  havin g bes t  win d resourc e  i n  Europe .  Theoretica l 
maximu m powe r  extracte d b y a  win d turbin e  generato r  (WTG )  ha s  bee n estimate d 
b y A .  Bet z  a s  59.3 % o f  th e  win d energ y density .  I n  practic e  i t  i s  mor e 
likel y t o  b e  40 % fo r  th e  bes t  machine .  Furthe r  limitation s  reduc e  th e  win d 
speed/powe r  coefficien t  t o  2-2. 5 instea d o f  3 .  I n  Shetlan d an d Orkne y a 
win d turbin e  generato r  coul d harnes s  a t  leas t  twic e  a s  muc h energ y a s 
possibl e  fro m man y mainlan d locations . 

CASE STUDIE S 

Passiv e  Sola r  Flat s  a t  Stil e  Park .  Stornowav .  Wester n Isle s  (58° N Latitude ) 

The  projec t  consist s  o f  2 2 energ y consciou s  singl e  perso n flat s  whic h wer e 
designe d i n  1983/8 4 an d buil t  i n  1985 .  Th e  flat s  wer e  planne d i n  typica l 
Scottis h tenemen t  fashion ,  i n  pair s  o n eac h sid e  o f  a  commo n acces s  stair , 
i n  tw o an d thre e  store y terraces .  Servic e  area s  wer e  locate d t o  th e  nort h 
an d livin g are a  an d bedroo m i n a  5. 8  m  frontag e  sout h facin g aspect .  Th e 
entr y spac e  wa s  designe d a s  a  sunporc h whic h als o acte d a s  a  buffe r  zone . 
The  livin g roo m ha d a n additiona l  window .  Thu s  advantag e  wa s  take n o f 
direc t  gai n an d thermo-circulatio n fro m th e  sunporch .  A n independen t  sola r 
collectio n featur e  wa s  th e  glaze d sout h surface s  o f  th e  commo n stairs . 
Surplu s  gain s  fro m sunporc h an d livin g are a  coul d b e  vente d t o  th e 
stairwell .  Th e  thir d featur e  wa s  a  glaze d roo f  collecto r  are a  whic h charge d 
th e  rock-be d stor e  b y th e  hel p o f  a  differentia l  senso r  an d a  fan .  An y 
surplu s  hea t  fro m th e  stairwel l  wa s  vente d t o  th e  roo f  space .  Manuall y 
controlle d flap s  provide d natura l  thermo-circulatio n o f  rock-be d stor e 
heat ,  thu s  completin g th e  therma l  loop .  Figur e  1  show s  th e  genera l  ar -
rangemen t  o f  th e  flat s  highlightin g passiv e  sola r  features .  Lo w leve l 
monitorin g dat a  an d occupants '  reactio n wer e  recorde d durin g firs t  tw o 
year s  o f  occupatio n fro m Augus t  198 5 t o  Jun e  1987 .  Wit h th e  hel p o f  Envi -
ronmenta l  System s  Performanc e  (ESP )  model ,  i t  ha s  bee n estimate d tha t  th e 
sola r  contributio n amounte d t o  betwee n 25 % an d 33 % o f  th e  tota l  energ y 
requirements .  Detail s  o f  thi s  stud y ar e  publishe d elsewher e  (e.g .  Saluj a 
e t  al .  1988) .  Occupants '  reactio n ha s  bee n favourabl e  an d th e  deman d fo r 
th e  fla t  i s  hig h despit e  a  sligh t  ren t  levy .  Althoug h th e  flat s  wer e  buil t 
o n th e  basi s  o f  counci l  cos t  guidelines ,  th e  passiv e  sola r  feature s  wer e 
estimate d a t  ?400/fla t  (198 3 ? )  an d a  paybac k perio d o f  1 0 year s  wa s  calcu -
late d a t  th e  desig n stage . 

Furthe r  Developments .  Wester n Isle s  Island s  Counci l  als o buil t  a  simila r 
numbe r  o f  famil y house s  a t  th e  Stil e  Par k Developmen t  durin g 1985-8 6 incor -
poratin g th e  sunspac e  concept ,  wit h th e  provisio n o f  a  shor t  duc t  t o  th e 
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nort h sid e  an d a  differentia l  senso r  t o  transfe r  th e  surplu s  heat .  Thes e 
house s  ar e  currentl y  bein g monitore d unde r  a  Do E contract .  Th e  Counci l  i s 
embarkin g o n anothe r  se t  o f  passiv e  sola r  flat s  a t  th e  nearb y Sprin g Fiel d 
Roa d Development .  Thes e  flat s  wil l  hav e  sunporch ,  glaze d stairwel l  an d 
roo f  collector ,  bu t  n o rock-be d store . 

The  Gordo n Distric t  Counci l  Howfor d Housin g Scheme ,  currentl y  unde r  con -
structio n i n  Inverurie ,  nea r  Aberdeen ,  include s  si x  unit s  i n  shelte r  hous -
in g wit h a  passiv e  glaze d facad e  o f  S-SW ,  a s  wel l  a s  a  roo f  collector .  On e 
o f  th e  feature s  o f  thes e  unit s  i s  t o  admi t  maximu m dayligh t  b y providin g 
strategi c  spacin g betwee n differen t  houses .  Th e  house s  ar e  schedule d t o  b e 
complete d i n  summe r  199 1 an d wil l  als o b e  monitore d unde r  a  Do E contract . 

Wind energ y fo r  Easterhoul l  chalet s  a t  Scallowa y (60° N Latitude )  i n  Shetlan d 

Thi s  projec t  wa s  sponsore d b y th e  Commissio n o f  th e  Europea n Communitie s 
(CEC )  a s  a  demonstratio n schem e  t o provid e  win d generate d electricit y  t o 
touris t  isolate d an d islan d communities .  I t  provide d electricit y  fo r  1 1 
all-electri c  holida y chalet s  an d th e  owners '  house .  Th e  projec t  wa s  sanc -
tione d i n  198 4 an d a  5 5 k W win d turbin e  generato r  (WTG) ,  wit h tw o inductio n 
generator s  rate d a t  1 1 k W an d 5 5 k W an d a  towe r  heigh t  o f  22. 3 m ,  wa s 
installe d i n  Augus t  1985 .  Figur e  2  show s  th e  layou t  o f  th e  scheme .  Th e 
WTG wa s  connecte d t o  th e  island' s  diese l  grid .  Detaile d descriptio n o f  th e 
projec t  ca n b e  foun d elsewher e  (e.g .  Saluja ,  1989 a  an d 1989b) .  Dail y 
record s  wer e  kep t  o f  energ y production ,  it s  impor t  fro m an d expor t  t o  th e 
gri d  durin g th e  monitorin g perio d o f  3 3 months .  Th e  locatio n o f  WTG wa s 
no t  idea l  a s  i t  wa s  shadowe d b y a  surroundin g hil l  whe n th e  win d wa s  blow -
in g fro m eas t  o r  sout h east .  Som e  importan t  result s  ar e  summarise d below . 

Machin e  availabilit y  an d productio n o f  win d generate d electricity :  Ove r 
th e  33-mont h monitorin g perio d th e  WTG produce d 368,10 3 kW h o f  energ y an d 
th e  availabilit y  o f  th e  machin e  wa s  97% .  I n 198 6 th e  machin e  produce d 
152,30 8 kW h o f  energ y ( a  capacit y  ratio ,  actua l  output/outpu t  a t  rate d 
power ,  o f  0.31 )  a t  a n averag e  annua l  win d spee d o f  7.4 1 m/ s  a t  Lerwick . 
The  WTG produce d energ y fo r  67 % o f  th e  perio d i n  1986 .  Whe n normalise d a t 
lon g ter m mea n annua l  win d spee d o f  7.2 1 m/ s  a t  Lerwic k an d predicte d fo r 
th e  WTG site ,  th e  productio n shoul d hav e  bee n 198,70 0 kW h o f  energy ,  base d 
on performanc e  curv e  o f  th e  WTG,  resultin g i n  th e  energ y los s  o f  30% . 

WTG cost ,  electricit y  tariff s  an d economic s  o f  installation :  Th e  tota l 
cos t  o f  installatio n wa s  £41,10 2 (198 5 £ ) .  Insuranc e  cos t  fo r  th e  firs t 
fiv e  year s  wa s  £1,10 8 an d regula r  servicin g cos t  wa s  aroun d £30 0 pe r  year . 
Electricit y  tariff s  includ e  availability ,  reactiv e  energ y an d uni t  charges . 
I n  198 9 th e  uni t  charg e  wa s  £0.0518/kW h an d exces s  o f  energ y exporte d t o  th e 
gri d  earne d £0.0258/kW h (thi s  compare d ver y favourabl y wit h th e  mainlan d 
Nort h o f  Scotlan d rat e  o f  £0.0186/kWh) .  Sinc e  1985 ,  th e  cos t  o f  importin g 
energ y fro m th e  gri d  ha s  increase d an d th e  incom e  fro m expor t  o f  th e  surplu s 
energ y ha s  decreased .  Consumptio n durin g 198 6 wa s  118,41 1 kW h an d onl y 43 % 
of  win d generate d energ y wa s  directl y  used .  Th e  paybac k perio d wa s  estimat -
e d  a t  10. 7 years .  Howeve r  i f  th e  utilisatio n facto r  increase d t o  60% ,  80 % 
an d 100% ,  the n paybac k period s  woul d reduc e  t o  9.5 ,  8. 6  an d 7. 8 year s  re -
spectively .  Thes e  calculation s  ignor e  loca l  authorit y  rate s  payable . 

Operationa l  an d maintenanc e  problems :  Remotenes s  o f  th e  locatio n pu t  som e 
strain s  o n th e  0  &  Ì  schedule s  an d costs .  N o planne d servic e  contrac t  wa s 
take n out ,  resultin g i n  som e  delays .  Th e  WTG performe d wel l  unti l  a  fate -
fu l  da y o f  2 8 Decembe r  1988 .  A s  a  resul t  o f  hig h win d speed s  an d sever e 
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gusting ,  powe r  cut s  an d machin e  malfunctio n th e  nacell e  fel l  of f  th e  towe r 
ont o th e  groun d an d th e  syste m ha d t o  b e  scrapped .  Th e  owner ,  manufacture r 
an d th e  insuranc e  compan y accepte d par t  liabilitie s  an d a n amicabl e  settle -
ment  wa s  reached .  Provisio n o f  improve d control s  i n  th e  late r  model s  o f 
WTGs  ha s  considerabl y reduce d th e  chance s  o f  suc h fatalities . 

PROSPECTS O F COMBINING SOLA R AN D WIN D ENERGY 

Tabl e  3  show s  th e  estimate d sola r  energ y densit y  a t  a  45 °  sout h facin g 
surfac e  (Pag e  an d Lebens ,  1986 )  an d win d energ y densit y  a t  a  2 0 m  (Troe n an d 
Peterson ,  1988 )  fo r  lon g ter m monthl y average s  fo r  Aberdee n an d Lerwick . 
Sola r  an d win d energ y complemen t  eac h othe r  an d reduc e  seasona l  variatio n i n 
tota l  energ y whic h i s  als o mor e  i n  tun e  wit h energ y need s  o f  buildings .  Th e 
cos t  aspect s  coul d easil y  provid e  a n economi c  cas e  fo r  larg e  sola r  area s  an d 
smal l  win d turbines .  Combinatio n o f  win d energ y fo r  electricit y  an d sola r 
energ y fo r  therma l  need s  woul d prov e  immensel y beneficia l  t o  th e  mankind . 

2 
Tabl e  3 .  Win d an d sola r  energ y densitie s  (W/ m )  a t  Aberdee n an d 

Lerwic k Meteorologica l  Offic e  Statio n location s 

Lerwic k Aberdee n 

Win d (2 0 m )  Sola r  (S )  Tota l  Win d (2 0 m )  Sola r  (S )  Tota l 

Mont h 

Januar y 97 5 15 99 0 29 5 45 34 0 

Februar y 65 0 58 70 8 16 5 75 24 0 

Marc h 71 5 10 0 81 5 32 5 90 41 5 

Apri l 43 5 15 6 59 1 21 0 11 5 32 5 

May 32 5 16 3 48 8 18 0 11 0 29 0 

Jun e 29 5 18 9 48 4 15 0 12 0 27 0 

Jul y 25 0 16 6 41 6 11 0 10 5 21 5 

Augus t 25 0 14 8 39 8 90 10 5 19 5 

Septembe r 49 5 10 6 60 1 15 0 95 24 5 

Octobe r 58 5 66 65 1 17 0 80 25 0 

Novembe r 84 5 30 87 5 30 5 50 35 5 

Decembe r 110 5 10 111 5 29 5 4 0 33 5 

Annua l 57 7 10 1 67 8 20 4 11 5 31 9 
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Fig .  2 .  Sit e  layou t  o f  win d turbin e  generato r  installatio n 
fo r  Easterhoul l  chalet s  a t  Scalloway ,  Shetlan d 
Islands ,  Scotlan d (Latitud e  60°N ) 

Fig .  1 .  Passiv e  sola r  feature s  o f  Stil e  Par k Flat s 
a t  Stornoway ,  Isl e  o f  Lewis ,  Scotlan d 
(58° N Latitude ) 
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ABSTRAC T 

P r o p e r  c h o i c e o f s t o r a g e b a t t e r i e s i n p h o t o v o l t a i c s y s t e m s ( t h o s e 
w h i c h r e q u i r e s t o r a g e ) i s v e r y e s s e n t i a l f o r  t h e s y s t e m 
r e l i a b i l i t y a n d t o m e e t t h e l o a d d e m a n d t h r o u g h o u t t h e 
o p e r a t i o n a l l i f e . B a t t e r y v o l t a g e a n d c a p a c i t y a r e t h e m o s t 
i m p o r t a n t p a r a m e t e r s t o k n o w . T h i s p a p e r  d i s c u s s e s t h e b a t t e r y 
r e q u i r e m e n t s f o r  P V a p p l i c a t i o n s ( t h e e x a c t r e q u i r e m e n t s o f t h e 
b a t t e r y s y s t e m f o r  P V u s e i s a c o m p l e x o n e , c o n s i d e r i n g t h e 
e l e c t r o c h e m i s t r y i n v o l v e d , d i f f e r e n t b a t t e r y d e s i g n s , a n d c o n t r o l 
s y s t e m s ) a n d t h e b a t t e r y s t o r a g e s y s t e m s a t p r e s e n t a v a i l a b l e f o r 
s e l e c t i o n . T h e f i n a l d e c i s i o n h o w e v e r  s h o u l d b a s e o n o p t i m i z a t i o n 
o f p a r a m e t e r s s u c h a s e n e r g y a n d p o w e r  d e n s i t y , c u r r e n t d e m a n d , 
c y c l e l i f e , r e q u i r e d m a i n t e n a n c e , s e r v i c e t e m p e r a t u r e r a n g e , 
s a f e t y a s p e c t s a n d t h e c o s t s o f b o t h t h e b a t t e r y a n d t h e c o n t r o l 
s y s t e m w h i c h m u s t c o n t r o l b o t h t h e r a t e a n d l e v e l o f c h a r g e a n d 
d i s c h a r g e . 

INTRODUCTIO N 

E l e c t r i c p o w e r  p r o d u c e d b y s o l a r  c e l l s i s h i g h l y d e p e n d e n t u p o n 
t h e a m o u n t o f s u n l i g h t t h e s o l a r  c e l l s r e c e i v e . S i n c e t h e 
i n s o l a t i o n l e v e l (W/m 2) c h a n g e s a s a r e s u l t o f v a r i a t i o n s i n 
a t m o s p h e r i c c o n d i t i o n s , t h e P V o u t p u t w o u l d f l u c t u a t e . U n l i k e 
s o l a r  t h e r m a l p l a n t s t h a t h a v e t h e r m a l i n e r t i a , t h e r e s p o n s e o f 
P V o u t p u t t o a n y c h a n g e i n s o l a r  i n t e n s i t y i s i m m e d i a t e . B e c a u s e 
o f i t s i n t e r m i t t e n t n a t u r e , P V p o w e r  g e n e r a t i o n s y s t e m s a r e 
u s u a l l y o v e r s i z e d a n d n e e d s o m e f o r m o f e n e r g y s t o r a g e b a c k u p . 
I n m o s t c a s e s t h e b a c k u p p r o v i d e d i s i n t h e f o r m o f 
" b a t t e r i e s "  ( i . e a n e n e r g y s t o r a g e d e v i c e o r  r e s e r v o i r  t h a t w h e n 
c h a r g i n g d i r e c t l y c o n v e r t s e l e c t r i c a l e n e r g y i n t o c h e m i c a l 
e n e r g y ) . B y c o n n e c t i n g i t t o a c o n s u m e r  d e v i c e / a p p a r a t u s , t h e 
s t o r e d e n e r g y i s r e c e i v e d d u r i n g d i s c h a r g e . T h e DC o u t p u t f r o m t h e 
s o l a r  c e l l a r r a y c a n e i t h e r  b e u s e d t o c h a r g e t h e b a t t e r y o r  b e 
t r a n s m i t t e d d i r e c t l y t o t h e l o a d . F o r  a n AC o u t p u t i t i s 
e s s e n t i a l t o i n c o r p o r a t e a n i n v e r t e r  w i t h t h e s y s t e m . 
T h e b a t t e r y s i z e ( c a p a c i t y ) c h o s e n s h o u l d b e a b l e t o m e e t t h e 
l o a d d e m a n d r e l i a b l y t h r o u g h o u t t h e d u t y c y c l e a n d l i f e . S i z i n g 
r e q u i r e s t h e t y p i c a l i n p u t c h a r a c t e r i s t i c s o f t h e s o l a r  a r r a y , 
t h e kW p r o f i l e o v e r  a n a v e r a g e d a y , m o n t h a n d y e a r , m a x . a n d m i n . 
kW , i n s o l a t i o n d a t a , e n v i r o n m e n t a l c o n d i t i o n s , a n d s y s t e m 
v o l t a g e . 
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REQUIREMENT S FOR PV APPLICATION S 

Al l  installatio n an d application s  o f  batterie s  hav e  thei r 
particula r  characteristi c  need s  a s  commo n ca r  batterie s  hav e  t o 
delive r  a  hig h curren t  fo r  a  smal l  perio d o f  time ,  a  tractio n 
batter y supplie s  curren t  fo r  a  longe r  duratio n an d so .  Similarly , 
PV system s  operat e  t o  suppl y loa d fo r  extende d period s  an d 
batterie s  ar e  discharge d t o  a  highe r  dept h o f  discharge(DOD) .  Th e 
exac t  requirement s  o f  th e  batter y syste m fo r  P V us e  i s  a  comple x 
one ,  however ,  i n  brie f  t o  satisf y mos t  o f  th e  requirement s  o f  P V 
application ,  batter y shoul d hav e  followin g characteristics 1 

1.  Lo w cos t  (  ̂  $  10 0 /kwh ) 
2 .  Withstand s  dee p dept h o f  discharg e  (  ̂  8 0 %) 
3.  Cycl e  lif e  >400 0 cycle s 
4.  Withstand s  overcharg e  an d overdischarg e 
5.  N o maintenanc e  requirement s 
6.  Capabilit y  to  indicat e  th e  stat e  o f  charg e 
The  batter y havin g al l  th e  abov e  mentione d characteristic s  i s 
no t  availabl e  a s  yet .  Nicke l  hydroge n mainl y use d i n  spac e 
application s  mee t  mos t  o f  th e  requirement s  excep t  cost 2.  A t 
presen t  lead-aci d an d nicke l  cadmiu m batterie s  ar e  mostl y  use d 
i n  photovoltai c  system s  compromisin g som e  o f  th e  disadvantage . 
A tabl e  a t  th e  en d i s  presente d givin g th e  compariso n amon g th e 
batter y systems . 

LEAD ACI D BATTER Y 

Lea d aci d cell ,  mor e  consistentl y  name d th e  "lea d aci d oxid e 
cell "  commence d i n  185 9 wit h th e  constructio n b y th e  Frenc h 
physicist ,  Gasto n Plante ,  o f  th e  firs t  practica l  rechargeabl e 
cell ,  consistin g o f  tw o coile d lea d strips ,  separate d b y a  line n 
cloth ,  whic h form s  th e  basi s  o f  th e  mos t  widel y use d secondar y 
battery .  Th e  detai l  an d theor y o f  electrochemica l  reaction s  ca n 
be  foun d i n  th e  literature 3' 4' 5.  Th e  basi c  reaction s  are , 
a t  positiv e  electrod e  (Pb0 2)  , 

Pb0 2 +  4H + +  S0 4 2-  +  2e "  =  PbS0 4 +  2H 20 

a t  negativ e  electrod e  (Pb ) 

Pb +  S0 4 2"  =  PbS0 4 +  2e ~ 

The  overal l  electrochemica l  reactio n i s 

Pb +  Pb0 2 +  2H 2S0 4 =  2PbS0 4 +  2H 20 

The  electrolyt e  densit y  var y fro m 40 % b y weigh t  o f  H 2S0 4 (1.3 0 
Kg dm- 3)  a t  ful l  charge ,  wit h a n associate d ope n circui t  voltag e 
(OCV)  o f  2.15 V a t  25° C t o abou t  16 % b y weigh t  o f  H 2S0 4 (1. 1  K g 

dm3)  whe n full y  discharged ,  wit h a n OC V o f  1.98V 6.  Majo r 
advantage s  an d disadvantage s  ar e  liste d a s  unde r 
ADVANTAGES:  1 .  Lon g lif e  (  ̂ 300-40 0 cycle s  dependin g o n DOD) 
2 .  Abilit y  t o  b e  discharge d to  a  ver y lo w valu e 
3.  Relativel y goo d cel l  voltage ;  2.lV/cel l  approx . 
4.  Fairl y  acceptabl e  energ y density ;  1 2 Wh/l b 
5.  Satisfactor y saf e  workin g temperatur e  rang e  -18° C to  43° C 
6.  Th e  completel y reversibl e  reaction s  produc e  littl e  physica l 
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chang e  i n  plate s 
7.  Use s  comparativel y chea p an d plentifu l  materia l 
8.  Lo w operatin g an d initia l  cos t  ove r  othe r  systems 7 

9.  Deliver s  bot h lo w an d hig h current s 
10.Us e  o f  ge l  electrolyt e  enable s  ful l  discharg e  t o  b e  employe d 

withou t  sulphatin g eve n i f  lef t  i n  thi s  conditio n fo r  2 8 day s 
DISADVANTAGES:  1 .  Utilize s  on e  o f  th e  heavies t  metals ,  lead . 
2 .  Develop s  stratificatio n ove r  th e  perio d o f  tim e  whic h reduce s 

th e  performanc e 
3.  Lo w servic e  life ;  3- 5 year s 

NICKE L CADMIUM BATTER Y 

I n a  nicke l  cadmiu m batter y system ,  th e  positiv e  plat e  i s  nicke l 
hydroxid e  an d negativ e  plat e  i s  a  mixtur e  o f  cadmiu m an d iron . 
The  reactio n occurrin g o n thes e  plate s  (electrodes )  ca n b e  foun d 
i n  literature 7.  Mos t  simpl y th e  reaction s  ar e 
a t  positiv e  plat e 

NiOOH +  H 20 +  e "  =  N i  (OH )  2  +  OH" 

a t  negativ e  plat e 

Cd +  20H ~ =  Cd(OH) 2 +  2e ~ 

The  overal l  cel l  reactio n commonl y acceptabl e  i s 

2NiOOH +  C d +  2H 20 =  2N i  (OH )  2  +  Cd(OH) 2 

The  electrolyt e  i n  Ni/C d i s  a  solutio n o f  potassiu m hydroxid e 
wit h a  densit y  o f  1.1 8 to  1.2 3 g/ml 6 whic h ma y als o contai n 15 -
50 g/ 1 lithiu m hydroxid e  t o  improv e  th e  cycl e  lif e  o f  th e 
positiv e  plate ,  especiall y  a t  elevate d temperatures .  Nicke l 
cadmiu m cel l  behaviou r  i s  strongl y temperatur e  dependent ,  an d 
give s  longes t  lif e  a t  abou t  5° C t o 15°C 8.  Charg e  contro l  method , 
voltag e  limit(temperatur e  compensated)/curren t  taper ,  optimize s 
th e  lif e  o f  Ni/C d battery 9.  Th e  cos t  o f  nicke l  cadmiu m syste m i s 
generall y  highe r  tha n tha t  o f  lea d aci d s o tha t  overal l  cos t  o f 
energ y storag e  i s  5- 7 time s  higher .  However ,  lon g cycl e  life ,  lo w 
maintenanc e  an d hig h reliabilit y  hav e  mad e  i t  a n obviou s  choic e 
fo r  a  numbe r  o f  applications .  Th e  basi c  feature s  o f  th e  syste m 
ADVANTAGES:  1 .  Outstandin g lon g lif e  bot h i n  shel f  an d operatio n 
2 .  Lo w maintenanc e  cos t 
3.  Hold s  a  constan t  voltag e  ove r  th e  norma l  discharg e  tim e 
4.  Goo d performanc e  a t  lo w temperature s 
5.  Abl e  to  accep t  hig h charge/discharg e  rates ,  hig h overcharg e 

an d ca n remain ,  discharge d fo r  lon g period s  withou t  damag e 
6.  Highe r  servic e  lif e  >1 0 years 10 

7.  Standar d cel l  potential ;  1.299 V a t  25° C 
DISADVANTAGES:  1 .  Expensiv e  storag e  syste m 
2 .  Ver y hig h sel f  discharg e 
3.  Ver y lo w charg e  efficienc y a t  lo w chargin g current s 
4.  Chec k o f  charg e  conditio n i s  no t  possibl e 

NICKE L HYDROGE N BATTER Y 
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Thi s  syste m i s  th e  hybri d o f  hydroge n electrod e  technolog y o f 
th e  fue l  cel l  an d nicke l  electrod e  fro m alkal i  secondar y cells . 
The  batter y generall y  consist s  o f  nicke l  oxid e  an d hydroge n 
electrode s  separate d b y zirconiu m oxid e  clot h o r  asbesto s  fel t 
separator s  use d to  immobiliz e  th e  30% KOH aqueous  electrolyte . 
The  principl e  cel l  reactio n i s 

1/2H 2 +  NiO(OH )  +  H 20 =  Ni(OH) 2.H 20 

I t  ha s  a n OC V o f  1.5-1.6V ,  i n  it s  full y  charge d state .  Th e  syste m 
hav e  th e  followin g advantage s 
1.  Hig h cycl e  lif e  — 6 0 0 0 cycle s  a t  80% DOD2 

2 .  Highe r  energ y densit y  >2 5 Wh/l b 
3 . Dee p dept h o f  discharg e  capabilit y 
4 .  Insensitiv e  t o  overcharg e  an d overdischarg e 
5.  Offe r  substantia l  weigh t  saving s 
But  wit h thes e  goo d feature s  i t  als o posse s  som e  undesirabl e 
1.  Degradatio n o f  nicke l  electrode 2 

2 .  Hig h cos t  a s  compare d t o  othe r  system s 

SOLI D STAT E BATTER Y 

Considerabl e  effor t  ha s  bee n focuse d i n  recen t  year s  o n th e 
developmen t  o f  secondary(rechargeable )  ambien t  temperatur e 
lithiu m batteries ,  du e  t o  th e  desirabl e  characteristic s  generall y 
associate d wit h primar y batterie s  includin g hig h gravimetri c 
energ y density ,  volumetri c  energ y density ,  lon g charg e  retentio n 
time s  (1 0 year s  o r  more 1 1) ,  absenc e  o f  an y possibl e  leakag e  o r 
gassing .  Thes e  coul d b e  constructe d wit h excellen t  packin g 
efficienc y fo r  th e  activ e  components ,  withou t  separator s  an d 
usin g simpl e  ligh t  weigh t  containers . 

1.  LITHIU M MOLYBDENUM 

Thi s  syste m i s  approx.50 % highe r  i n  energ y densit y  tha n tha t  o f 
stat e  o f  th e  ar t  NiC d an d proportionatel y highe r  tha n tha t  o f 
seale d lea d acid .  Th e  charg e  retentio n capabilit y  o f  th e  syste m 
i s  excellent ,  wit h a  charg e  retentio n tim e  i n  exces s  o f  8 years . 
The  syste m utilize s  a  lithiu m meta l  a s  anod e  an d a  granula r 
molybdenu m disulphid e  a s  th e  cathode ,  havin g ope n circui t  voltag e 
approx .  2.3 0 V  fo r  a  cel l  i n  full y  charge d state . 

2 .  LITHIU M POLYMER 

The  mechanica l  flexibilit y  o f  th e  polyme r  enable s  soli d  stat e 
cell s  t o  b e  designe d wit h optimize d electrode/electrolyt e 
interfac e  configuration(e.g .  composit e  electrodes) .  A  numbe r  o f 
polymer s  ar e  i n  us e  whic h attracte d th e  grea t  attentio n fo r 
furthe r  improvemen t  suc h a s 

Li  (s )  /  (PEO )  5 LiC 20 2F3 (s )  /TiS 2 (s ) 

whic h ha s  a n em f  2.6 0 V  a t  25°C 5.  Th e  mai n advantage s  ar e 
1.  Hig h energ y density ;  60-7 0 Wh/K g dependin g o n th e  rat e  o f 

discharg e 
2 .  Inheren t  safet y belo w 110° C fo r  electrical ,  mechanica l  an d 
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therma l  abus e 
3.  Wid e  ambien t  temperatur e  operatin g range ;  -20° C to  70° C 
4.  Charg e  retentio n capabilit y  o f  greate r  tha n 8  year s 
5.  Lea k proo f  constructio n 
6.  Lo w cos t  a s  compare d to  othe r  rechargeabl e  system s 
7.  Extremel y lon g shel f  lif e 
8.  Excellen t  packin g efficienc y 
DISADVANTAGES.  1.Anod e  i s  no t  100 % reversibl e 
2 .  Cel l  canno t  accommodat e  gros s  change s  i n  electrod e  volume . 

CONCLUSIO N 

The  stud y wa s  don e  a s  a  par t  o f  th e  researc h wor k to  loo k int o 
th e  batter y system s  suitabl e  fo r  photovoltai c  application s 
functionall y  a s  wel l  a s  economically ,  makin g th e  P V system s 
reliabl e  an d cos t  effectiv e  to  othe r  conventiona l  energ y 
supplyin g systems .  A t  presen t  no  batter y syste m meet s  al l  th e 
requirement s  o f  th e  P V applications ,  however ,  i t  i s  conclude d 
tha t  lea d aci d batter y seem s  to  b e  mor e  promisin g du e  to  it s 
availability ,  cos t  an d fai r  operatio n durin g th e  operationa l 
life .  I n  colde r  region s  Nicke l  cadmiu m ca n perfor m th e  jo b a t 
best . 
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COMPARISO N OF BATTERIES FOR PV APPLICATION S 

HilCd Loa d ad d 

(contumortypo j 

LMdaci d 

(tndu*rMtff») 

Ni/H2 

• • If discharg e vor y hig h lo w lo w 

Cycl o  lifo hig h lo w hig h vor y hig h 

Charg e 
efficienc y 

ver y lo w 
(at lo w A) 

vor y goo d vor y goo d goo d 

Cyclin g  abilit y goo d 
(80 % DOD ) 

low 
(50 % DOD ) 

goo d 
(80 % DOD ) 

ver y goo d 
(80 % DOD ) 

Charg e 
monitorin g 

no t possibl e posalbl o poaaibl o poaaibl o 

Sorvic o  l i f t • 10 yoar a 3-6 yoar a >10 yoar a • 10 yoar a 

Cos t vor y hig h lo w hig h vor y hig h 
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Nort h S u n 

2 

b y 

Torbe n Esbense n 

Consultin g Engineer s  FIDI C 

Mollegad e  54-56 ,  Dk -  Sonderbor g 

Denmar k 

A sola r  syste m fo r  heatin g o f  domesti c  ho t  wate r  ha s  bee n 

contructe d a t  Sofartsskole n situate d i n  Sonderbor g i n 

Jutland . 

Sofartsskole n i s  a  bordin g schoo l  wit h 9 6 seamentrainees . 

Th e  syste m ha s  functione d withou t  problem s  sinc e  Januar y 

198 8 an d i s  no w bein g monitored . 

Th e  syste m i s  th e  firs t  i n  Denmar k designe d fo r  large r 

application s  tha n single-famil y house s  an d makin g us e  o f 

th e  attractiv e  lo w flo w principl e  base d o n lowe r  flow , 

smalle r  pipin g an d stratificatio n i n  th e  storag e  tank . 

I t  i s  probabl y als o amon g th e  firs t  large r  system s  inter -

nationall y  operatin g afte r  thi s  principle . 

A 4 4 m  L o w F l o w S o l a r  S y s t e m f o r  D o m e s t i c  H o t  W a t e r 

169 
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As  i n  m o s t  l a r g e r  s o l a r  a p p l i c a t i o n s  t h e  s y s t e m i s  s u p p l y i n g 

h e a t  fo r  b o t h t h e  d o m e s t i c  h o t  w a t e r  u s e  a n d t h e  c o n s i d e r -

a b l e  h e a t  l o s s e s  i n  t h e  c i r c u l a t i n g p i p i n g o f  t h e  ho t  w a t e r . 

I t  i s  e x p e c t e d t h a t  t h e  m o n i t o r i n g p e r i o d w i l l  c l a r i f y  t h e 

a d v a n t a g e s  a n d d i s a d v a n t a g e s  u s i n g t h e  lo w f l o w p r i n c i p l e 

fo r  l a r g e r  s y s t e m s . 

F o r  s m a l l  s y s t e m e x p e r i m e n t s  a t  t h e  T h e r m a l  I n s u l a t i o n 

L a b o r a t o r y a t  t h e  T e c h n i c a l  U n i v e r s i t y  o f  D e n m a r k h a v e 

s h o w n ,  t h a t  t h e  lo w f l o w p r i n c i p l e  c a n i n c r e a s e  t h e  t h e r m a l 

p e r f o r m a n c e  w i t h 1 5 t o  2 0 % . 

T h i s  i s  o b t a i n e d w i t h s y s t e m s ,  w h i c h a r e  a  l i t t l e  c h e a p e r 

t h a n n o r m a l  s y s t e m s  s i n c e  p i p i n g h a v e  s m a l l e r  d i m e n s i o n s . 

T h e  s y s t e m i s  o f  s i g n i f i c a n t  i m p o r t a n c e  fo r  t h e  f u t u r e 

d e s i g n o f  l a r g e r  s o l a r  s y s t e m s  i n  n o r t h e r n c o u n t r i e s .  I f 

e x p e c t a t i o n s  a r e  m e t  i t  w i l l  f u n c t i o n a s  p r o t o t y p e  fo r  t h e s e 

s y s t e m s .  F u r t h e r m o r e  t h e  m o n i t o r i n g p r o j e c t  w i l l  a d d k n o w -

l e d g e  a b o u t  t h e  lo w f l o w p r i n c i p l e  t o  b e  u s e d fo r  f u t u r e 

d e s i g n t o o l s . 

T h e  m o n i t o r i n g p r o j e c t  i s  f i n a n c e d b y t h e  D a n i s h A g e n c y o f 

E n e r g y .  T h e  s y s t e m h a s  b e e n d e s i g n e d b y c o n s u l t i n g e n g i n e e r s 

E s b e n s e n . 

T h e  m o n i t o r i n g i s  p e r f o r m e d b y t h e  D a n i s h S o l a r  E n e r g y 

T e s t i n g L a b o r a t o r y ,  w h i l e  t h e  e v a l u a t i o n i s  p e r f o r m e d b y t h e 

T e r m a l  I n s u l a t i o n L a b o r a t o r y . 



Investmen t 

2 

44 m  sola r  collector s  installe d 

Pipin g i n  th e  collecto r  circui t 

200 0 litr e  storag e  tan k includin g 

hea t  exchange r 

Pipin g i n  th e  storag e  circui t 

Insulatio n o f  pipe s  an d storag e  tan k 

Sola r  collecto r  liqui d 

Electrica l  suppl y 

Projec t  fe e 

Dcr s 60 . 00 0 

Dcr s 15 . 00 0 

Dcr s 30 . 00 0 

Dcr s 16 . 00 0 

Dcr s 18 . 00 0 

Dcr s 3 . 00 0 

Dcr s 4 . 00 0 

Dcr s 146 . 00 0 

Dcr s 24 . 00 0 

Dcr s 160 . 00 0 

Dcr s 35 . 00 0 

Dcr s 195 . 00 0 

Dcr s 58 . 00 0 

Dcr s 137 . 00 0 

VAT 

30 % governmenta l  gran t 

Tota l  pric e  fo r  th e  system-owne r 

Outgutfor_a_normal_svstem_ £ 

22.00 0 kW h (50 0 kWh/m 2)  ÷  0,4 5 Dcr s  =  9.90 0 Dcrs/year . 

Simpl e  pay-bac k perio d :  1 4 year s 

Estimate d outpu t  fo r  a  low-flo w 

syste m 

26.00 0 kW h (60 0 kWh/m 2)  ÷  0,4 5 Dcr s  =  11.70 0 Dcrs/yea r 

Simpl e  pay-bac k perio d :  1 2 year s 

Tota l  domesti c  ho t  wate r  :  73.00 0 kWh/yea r 

Hea t  los s  i n  th e  circulatin g pipes :  54.00 0 kWh/yea r 

127.00 0 kWh/yea r 
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GHANA'S RENEWABLE ENERGY DEVELOPMENT PROGRAMME 

C.Y .  WEREKO-BROBBY AN D I.K .  MINTAH 

Nationa l  Energ y Boar d 
Privat e  Mai l  Ba g 

Ministrie s  Pos t  Offic e 
Accra ,  Ghan a 

ABSTRACT 
Renewabl e  energ y resource s  i n  th e  for m o f  fuelwood ,  charcoa l  an d direc t  sun -
shin e  provid e  mos t  o f  Ghana' s  energ y requirements .  Fuelwoo d an d charcoa l  t o 
gethe r  contribut e  ove r  80 % o f  th e  country' s  energ y consumptio n an d enormou s 
amount s  o f  natura l  sunshin e  ar e  use d fo r  bot h domestic ,  agricultura l  an d 
industria l  activities .  However ,  th e  continue d suppl y o f  woodfuel s  i s  threa -
tene d b y deforestatio n an d desertificatio n whic h ar e  bein g accelerate d b y 
th e  rapidl y expandin g population ,  timbe r  operation s  an d shiftin g agricultur -
a l  cultivation .  Th e  excessiv e  an d inefficien t  burnin g o f  woodfuels,especia -
ll y  durin g charcoa l  productio n an d us e  i s  als o puttin g pressur e  o n th e  coun -
try' s  forest s  an d causin g considerabl e  environmenta l  degradation . 

Ghana' s  Renewabl e  Energ y Developmen t  Programm e  aim s  t o  asses s  th e  availabili -
t y  o f  renewabl e  energ y resources ;  t o  examin e  th e  technica l  feasibilit y  an d 
cost-effectivenes s  o f  promisin g renewabl e  energ y technologies ;  t o  ensur e  th e 
efficien t  productio n an d us e  o f  th e  country' s  renewabl e  energ y resources;an d 
develo p th e  relevan t  informatio n bas e  tha t  wil l  facilitat e  th e  establishmen t 
of  a  plannin g framewor k fo r  th e  rationa l  developmen t  an d us e  o f  th e  country' s 
renewabl e  energ y resources . 

KEYWORDS 

Cassamanc e  Kiln ;  Half-Orang e  Bric k Kiln ;  "Ahibenso" ;  Improve d Coalpot ;  KVI P 
toilet . 

INTRODUCTION 

Renewabl e  energ y resource s  i n  th e  for m o f  fuelwood ,  charcoa l  an d direc t  sun -
shin e  provid e  mos t  o f  Ghana' s  energ y requirements .  Fuelwoo d an d charcoa l  t o 
gethe r  contribut e  ove r  80 % o f  th e  country' s  energ y consumptio n an d enormou s 
amount s  o f  natura l  sucnshin e  ar e  use d fo r  bot h domestic ,  agricultura l  an d 
industria l  activities ,  especiall y  t o  dr y agricultura l  expor t  commoditie s  an d 
fores t  industr y products .  However ,  th e  continue d suppl y o f  woodfuel s  i s 
threatene d b y deforestatio n an d desertificatio n whic h ar e  bein g accelerate d 
by th e  rapidl y expandin g population ,  timbe r  operation s  an d shiftin g agricul -
tura l  cultivation .  Th e  excessiv e  an d inefficien t  burnin g o f  woodfuels , 
especiall y  durin g charcoa l  productio n an d us e  i s  als o puttin g pressur e  o n th e 
country' s  forest s  an d causin g considerabl e  environmenta l  degradation . 

17 2 
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THE NE B RENEWABLE ENERGY WORK PROGRAMME 

The  NEB' s  Renewabl e  Energ y Programme ,  whic h ha s  bee n designe d t o  tackl e  th e 
woodfuel s  suppl y an d attendan t  environmenta l  problems ,  aims :  t o  asses s  th e 
availabilit y  o f  renewabl e  energ y resource s  i n  Ghana ;  t o  examin e  th e  techni -
ca l  feasibilit y  an d cost-effectivenes s  o f  promisin g renewabl e  energ y techn -
ologies ;  t o  ensur e  th e  efficien t  productio n an d us e  o f  th e  country' s  renew -
abl e  energ y resources ;  an d develo p th e  relevan t  bas e  tha t  wil l  facilitat e 
th e  establishmen t  o f  a  plannin g framewor k fo r  th e  rationa l  developmen t  an d 
us e  o f  th e  country' s  renewabl e  energ y resources .  Th e  specifi c  project s 
designe d fo r  th e  achievemen t  o f  th e  overal l  objective s  ar e  groupe d unde r  tw o 
broa d heading s  o f  BOIMASS an d SOLA R ENERGY. 

BIOMASS 

The  Biomas s  activitie s  o f  th e  NE B ar e  aime d a t  conservin g fores t  resource s 
throug h improve d productio n method s  decreasin g deman d throug h th e  us e  o f 
mor e  efficien t  cookin g devices ;  expandin g th e  us e  o f  othe r  biomas s  energ y 
source s  suc h a s  bioga s  an d loggin g an d woo d processin g residues ;  plannin g 
fo r  th e  futur e  securit y  o f  biomas s  suppl y throug h th e  implementatio n o f  a 
sustaine d programm e  o f  fores t  regeneratio n an d afforestation ;  an d substitu -
tin g othe r  fuel s  fo r  woodfuels .  Th e  specifi c  project s  includ e  th e  followin g 

Conservin g Fores t  Resource s  throug h Improve d Productio n Method s 

An improve d metho d usin g th e  Cassamanc e  kil n  develope d i n  Senegal ,  wa s 
demonstrate d t o  4 2 peopl e  i n  separat e  activitie s  i n  Kumas i  (  a  majo r  saw -
millin g centre )  an d Jema/Ampom a  i n th e  transitio n zone .  Tria l  firing s  o f 
bot h th e  traditiona l  earthmoun d an d Cassamanc e  kiln s  showe d tha t  th e  Cassa -
manc e  yield s  mor e  charcoa l  (abou t  16% )  tha n th e  traditiona l  kiln ,  an d tha t 
th e  Cassamanc e  kil n  carbonise s  woo d fou r  time s  faste r  tha n th e  traditiona l 
earthmoun d method .  A  post-trainin g monitorin g exercis e  wa s  conducte d t o 
determin e  th e  exten t  o f  adoptio n o f  th e  improve d metho d showe d tha t  althoug h 
th e  Cassamanc e  kil n  techniqu e  ha d advantage s  ove r  th e  traditiona l  metho d i n 
term s  o f  th e  yiel d an d shorte r  carbonisatio n period ,  ther e  wer e  certai n 
factor s  whic h limite d it s  immediat e  adoptio n b y th e  traditiona l  charcoalers . 
Whils t  th e  Cassamanc e  techniqu e  require d twenty-fou r  hou r  surveillance , 
charcoaler s  usin g th e  traditona l  earthmoun d metho d wer e  abl e  t o  leav e  i t 
unattende d t o  engag e  i n  othe r  income-generatin g activitie s  suc h a s  farmin g 
an d hunting .  Also ,  whils t  th e  traditiona l  metho d require d virtuall y  n o in -
vestment ,  th e  Cassamanc e  techniqu e  require d th e  procuremen t  o f  a  mettali c 
chimne y whic h i s  a n essentia l  par t  o f  th e  kiln .  Demonstratio n o f  th e  Cassa -
manc e  techniqu e  i s  continuin g i n  th e  Kumas i  are a  alongsid e  effort s  t o  intro -
duc e  improvement s  t o  th e  traditiona l  method . 

I n  additio n t o  th e  abov e  activities ,  th e  NE B i s  als o demonstratin g an d eva -
luatin g th e  economi c  viabilit y  o f  theus e  o f  sawmil l  residue s  fo r  charcoa l 
productio n i n  Half-Orang e  Bric k Kiln .  Thi s  activit y  i s  aime d a t  encouragin g 
sawmiller s  t o  incorporat e  charcoa l  makin g activitie s  int o thei r  operation s 
i f  thi s  shoul d prov e  t o  b e  economicall y  viable . 

Decreasin g Deman d Fo r  Woodfuel s  throug h Efficien t  Cookstove s 

Most  urba n household s  depen d o n charcoa l  a s  fue l  fo r  meetin g thei r  cookin g 
needs .  However ,  du e  t o  th e  increasin g scarcit y  o f  ou r  forests ,  thi s  fue l  i s 
becomin g mor e  an d mor e  expensive .  Thi s  proble m i s  aggravate d b y th e  fac t 
tha t  th e  traditiona l  coalpo t  i s  ver y inefficien t  an d waste s  fuel .  Th e 
Improve d Charcoa l  Stove s  activit y  i s  aime d a t  disseminatin g improve d stove s 
i n  urba n households ,  includin g th e  developmen t  o f  loca l  capabilit y  i n  th e 
fabricatio n o f  suc h improve d stoves . 

A locall y  designe d stov e  "th e  Ahibenso "  improve d stove ,  ha s  achieve d averag e 
charcoa l  saving s  o f  30-45 % i n fiel d  test s  carrie d ou t  i n  80 0 househol d i n 
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Accr a  ove r  a  nine-mont h period .  A n expenditur e  surve y als o showe d tha t 
large r  familie s  consum e  les s  charcoa l  pe r  perso n tha n smalle r  families .  A n 
averag e  figur e  o f  abou t  0 9 pe r  person/da y wa s  foun d fo r  a  sampl e  o f  34 0 
households .  Saving s  i n  househol d charcoa l  expenditur e  amounte d t o  abou t 
15-20% . 

An assessmen t  o f  th e  acceptabilit y  o r  otherwis e  o f  th e  ne w stove s  wa s 
conducte d usin g th e  retentio n rat e  o f  th e  stov e  model s  tha t  participatin g 
household s  preferre d most .  A t  th e  en d o f  th e  fiel d  test s  abou t  90 % o f  th e 
tria l  household s  preferre d th e  "Ahibenso "  mode l  an d wante d t o  bu y i t  eve n 
thoug h the y fel s  i t  wa s  to o expensive ,  especiall y  i n  area s  inhabite d pre -
dominantl y  b y th e  low-incom e  group .  Eve n whe n th e  participant s  wer e  offere d 
th e  stove s  a t  a  50 % discount ,  the y coul d stil l  no t  afford .  However ,  55 % o f 
th e  tria l  household s  hav e  s o fa r  purchase d th e  "Ahibenso "  model .  Als o 20 % 
of  th e  household s  opte d fo r  th e  "Improve d Coalpot "  whic h i s  a n improvemen t 
on th e  traditiona l  coalpo t  an d cost s  onl y slightl y  mor e  tha n th e  latter . 

The  nex t  phas e  o f  thi s  activity ,  whic h i s  on-going ,  involve s  th e  dissemina -
tio n o f  th e  "Improve d Coalpot "  an d "Ahibenso "  model s  i n  th e  Regiona l 
Capital s  an d othe r  selecte d urba n centre s  t o  monito r  th e  stove s  an d t o 
asses s  thei r  long-ter m performance . 

Expandin g th e  Us e  o f  othe r  Biomas s  Source s 

I n  orde r  t o  counte r  th e  ecologica l  damag e  tha t  ha s  resulte d fro m th e  excess -
iv e  dependenc e  o n woodfuels ,  th e  NE B i s  assessin g th e  us e  o f  othe r  biomas s 
resource s  suc h a s  bioga s  generate d fro m bot h anima l  an d huma n wast e  throug h 
pilo t  testin g o f  th e  technology .  Th e  firs t  pilo t  projec t  wa s  undertake n o n 
a  cattl e  ranc h a t  Sha i  Hill s  wit h Chines e  Governmen t  technica l  assistanc e 
an d wa s  use d t o  teac h loca l  artisan s  t o  construc t  an d operat e  bioga s 
degesters .  Tw o othe r  pilo t  project s  ar e  underwa y a t  Appolonia ,  nea r  Afieny a 
an d als o a t  Okponglo ,  nea r  Accra . 

The  objective s  o f  th e  Appoloni a  villag e  projec t  ar e  t o  stud y th e  variou s 
factor s  tha t  ma y influenc e  th e  transfe r  o f  bioga s  technolog y i n  Ghana ;  an d 
demonstrat e  th e  ful l  socio-economi c  benefit s  o f  bioga s  technolog y an d there -
by accelerat e  th e  proces s  o f  bioga s  transfe r  i n  Ghana .  Th e  Appoloni a 
projec t  convert s  bot h anima l  an d huma n wast e  t o  bioga s  whic h provide s  cook -
in g energ y t o  selecte d households .  I n  addition ,  te n digester s  o f  5 0 cubi c 
mete r  capacit y  ar e  bein g constructe d t o  produc e  bioga s  t o  generat e  electri -
cit y  fo r  lightin g u p th e  village .  Th e  Opkongl o Integrate d Bioga s  Projec t 
involve s  th e  provisio n o f  a  KVI P (Kumas i  Ventilate d Improve d Public )  toilet , 
whos e  huma n wast e  i s  converte d t o  bioga s  fo r  cookin g an d t o  generat e  electri -
cit y  t o  ligh t  u p th e  are a  an d us e  it s  substrat e  a s  fertilise r  fo r  landscap -
in g an d vegetabl e  farming . 

Preparator y wor k fo r  phas e  2  ha s  als o started .  Thi s  phas e  wil l  consis t  o f 
th e  extensio n o f  th e  integrate d approac h t o  bioga s  developmen t  t o  area s  wit h 
a  hig h concentratio n o f  feedstock ,  especiall y  i n  th e  Norther n Regions .  A 
preliminar y assessmen t  ha s  bee n carrie d ou t  i n  th e  Bimbil a  distric t  wher e  a 
bioga s  programm e  starte d a  fe w year s  ag o i s  a t  a  standstil l  du e  t o  a  numbe r 
of  problem s  suc h as :  (a )  insufficien t  skil l  i n  th e  constructio n o f  digesters ; 
(b )  lac k o f  basi c  tool s  fo r  th e  constructio n work ;  an d (c )  lac k o f  transpor -
tatio n t o  conve y constructio n material s  t o  th e  selecte d sites .  Sinc e  th e 
loca l  population s  hav e  show n grea t  enthusias m fo r  th e  project ,  i t  i s  impor -
tan t  t o  offe r  assistanc e  t o  them ,  a s  wel l  a s  t o  othe r  communitie s  facin g th e 
sam e  problems ,  i n  orde r  t o  maintai n thei r  interest . 

Anothe r  activit y  bein g pursue d i n  thi s  are a  i s  th e  promotio n o f  th e  us e  o f 
loggin g an d woo d processin g waste s  a s  a  sourc e  o f  energy .  Thi s  include s  th e 
commercia l  productio n an d us e  o f  sawdus t  briquette s  a s  a n energ y sourc e  fo r 
commercia l  an d industria l  activitie s  suc h a s  bakin g an d bric k an d til e 
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manufacture .  A s  a  furthe r  measure ,  th e  us e  o f  sawdus t  an d loggin g residu e 
fo r  charcoa l  productio n i n  bric k kiln s  i s  bein g investigated .  Thi s  activit y 
ha s  th e  advantag e  o f  promotin g currentl y  unuse d residues . 

Plannin g fo r  th e  Futur e  Securit y  o f  Biomas s  Suppl y 

Thi s  objectiv e  i s  t o  b e  achieve d throug h a  sustaine d programm e  o f  fores t 
regeneratio n an d afforestation ,  especiall y  i n  area s  wher e  intens e  charcoa l 
productio n activitie s  hav e  destroye d th e  lan d an d create d environmenta l  an d 
ecologica l  problems .  I n  thi s  regar d unde r  th e  Improve d Charcoa l  Productio n 
activit y  th e  NE B i s  investigatin g th e  relocatio n o f  charcoaler s  fro m th e 
transitio n zon e  t o  th e  area s  wher e  timbe r  operation s  ar e  carrie d ou t  an d 
wher e  loggin g residue s  abound .  A  demonstratio n activit y  i s  i n  progres s  i n  a 
Kumasi-base d sawmil l  t o  evaluat e  th e  economi c  an d technica l  feasibilit y  o f 
usin g timbe r  offcut s  fo r  charcoa l  productio n i n  bric k kilns .  Thi s  activit y 
wil l  als o investigat e  th e  possibilit y  o f  introducin g thi s  metho d o f  charcoa l 
productio n t o  th e  timbe r  producin g areas .  Th e  NE B i s  als o developin g a n 
afforestatio n programm e  i n collaboratio n wit h th e  relevan t  publi c  agencies . 

Substitutio n o f  othe r  Fuel s  fo r  Fuelwoo d 

I n orde r  t o  reduc e  th e  country7 s  dependenc e  o n fuelwoo d an d charcoal ,  th e 
NEB i s  promotin g th e  us e  o f  othe r  fuel s  a s  a  substitute .  Thus ,  activitie s 
hav e  bee n initiate d t o  increas e  th e  us e  o f  liquefie d petroleu m ga s  i n  urba n 
households .  th e  Governmen t  ha s  abolishe d th e  sal e  o f  LP G cylinder s 
an d introduce d ne w marketin g arrangement s  b y whic h th e  cos t  o f  th e  cylinde r 
i s  amortise d ove r  it s  life .  Smalle r  siz e  LP G cylinder s  hav e  als o bee n intro -
duce d t o  mak e  ga s  accesibl e  t o  th e  lo w incom e  group s  an d als o measure s  ar e 
bein g strengthene d t o  ensur e  th e  saf e  us e  o f  LPG .  Sinc e  on e  o f  th e  const -
raint s  t o  th e  wide r  us e  o f  LP G ha s  bee n th e  hig h cos t  o f  stoves ,  th e  NE B i s 
investigatin g th e  technica l  feasibilit y  o f  loca l  productio n o f  multi-fue l 
stove s  whic h ca n us e  bot h LP G an d charcoa l  an d whic h wil l  b e  affordabl e  t o 
lo w incom e  groups . 

SOLAR ENERGY PROJECT S 

The  successfu l  exploitatio n o f  Ghana' s  sola r  energ y resource s  t o  pum p irri -
gatio n water ,  dr y crops ,  improv e  communicatio n an d healt h  facilitie s  an d 
provid e  opportunitie s  fo r  acces s  t o  moder n recreationa l  an d educationa l 
facilitie s  wil l  foste r  rapi d improvement s  i n  th e  livin g standard s  o f  th e 
country' s  predominan t  rura l  population .  T o tur n th e  enormou s  sola r  energ y 
potentia l  int o rea l  benfits ,  th e  NE B ha s  embarke d o n a  programm e  t o asses s 
an d quantif y  th e  resourc e  base ,  monito r  th e  performanc e  o f  existin g sola r 
installation s  an d demonstrat e  promisin g sola r  energ y technologie s  fo r  selec -
te d applications .  Th e  specifi c  activitie s  bein g implemente d are : 

Sola r  an d Win d Energ y Resource s  Assessmen t 

Thi s  activit y  involve s  a  comprehensiv e  assessmen t  o f  th e  country' s  sola r  an d 
win d energ y resource s  t o  establis h th e  necessar y informatio n bas e  fo r  accu -
rat e  desig n an d sitin g o f  sola r  installations .  Th e  NE B ha s  alread y comple -
te d a n assessmen t  o f  existin g climati c  dat a  o n sola r  an d als o th e  stat e  o f 
equipmen t  a t  meteorologica l  station s  al l  ove r  th e  country .  Furthe r  wor k t o 
be  implemente d wil l  involv e  upgradin g o f  th e  equipmen t  t o  ensur e  tha t  al l  th e 
necessar y informatio n wil l  b e  collected .  Th e  existin g dat a  an d subsequen t 
one s  t o  b e  collecte d wil l  b e  analyse d an d compile d int o th e  appropriat e  for m 
(e.g .  sola r  maps )  fo r  th e  desig n an d sizin g o f  sola r  installations . 

Thi s  projec t  starte d i n  January ,  198 8 wit h th e  installatio n o f  sola r  radia -
tio n measurin g equipmen t  a t  th e  Meteorologica l  Service s  Departmen t  )MSD ) 
Radiatio n Centr e  a t  Lego n an d thre e  synopti c  station s  a t  Kumasi ,  Tamal e  an d 
Navrongo .  Al l  th e  twenty-tw o (22 )  synopti c  station s  belongin g t o  th e  MS D 
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hav e  bee n visite d t o  evaluat e  thei r  statu s  an d dat a  acquisitio n systems , 
particularl y  htei r  accurac y an d reliability . 

The  NE B i s  currentl y  analysin g th e  followin g meteorologica l  dat a  acquire d 
fro m MSD:  Sola r  Radiation-Dail y Monthl y Mea n an d Hourl y Mea n o f  1 7 synopti c 
station s  fo r  1 0 years ;  Sunshin e  Duration-Dail y Monthl y Mea n o f  1 0 synopti c 
station s  fo r  1 0 years ;  Relativ e  Humidity-Dail y  Mea n a t  synopti c  hour s  fo r  1 0 
years ;  an d Win d Speed-Dail y Mea n a t  synopti c  hour s  fo r  1 0 years . 

Monitorin g th e  Performanc e  o f  Sola r  System s  i n  Ghan a 

Abou t  22 0 solar-powere d system s  hav e  bee n installe d al l  ove r  th e  countr y 
inlcudin g 16 3 communicatio n equipment ,  2 9 vaccin e  storag e  refrigerator s  an d 
27 othe r  installation s  consistin g o f  lighting ,  solar-powere d pump s  an d 
ventilatio n equipment .  Mos t  o f  thes e  installation s  hav e  no t  performe d a s 
expecte d du e  t o  incorrec t  desig n an d siting .  I n  spit e  o f  thes e  observation s 
ther e  i s  n o systemati c  programm e  fo r  monitorin g an d evaluatin g th e  perfor -
manc e  o f  thes e  installations ,  eve n thoug h adequat e  informatio n o n th e  perfo r 
manc e  o f  thes e  system s  unde r  loca l  climati c  condition s  wil l  b e  extremel y us e 
fu l  fo r  selectin g appropriat e  system s  fo r  futur e  application s  an d increas e 
confidenc e  i n  th e  promotio n o f  sola r  photovoltai c  device s  i n  th e  country . 

The  objectiv e  o f  thi s  activit y  i s  t o  monito r  an d evaluat e  selecte d sola r 
photovoltai c  installation s  i n  thre e  differen t  climati c  zone s  i n  th e  countr y 
an d compar e  thei r  actua l  performanc e  wit h desig n objectives .  A  nationwid e 
censu s  o f  sola r  installation s  establishe d tha t  mos t  o f  th e  installation s 
wer e  no t  functionin g properl y du e  t o  incorrec t  orientatio n o f  th e  equipmen t 
a s  a  resul t  o f  whic h the y ar e  covere d b y shadow s  a t  certai n  period s  o f  th e 
day ;  poo r  qualit y  storag e  batterie s  whic h malfunctione d afte r  les s  tha n on e 
yea r  o f  installation ;  an d inavailabilit y  o f  spar e  part s  t o  carr y ou t  effec -
tiv e  maintenanc e  o f  certai n  component s  o f  th e  installations .  Thus ,  ove r  80 % 
of  th e  communication s  equipmen t  hav e  operationa l  problem s  (poo r  audi o out -
put )  du e  t o  incorrec t  selectio n o f  th e  components. .  Also ,  ou t  o f  th e  fou r 
sola r  wate r  pump s  identified ,  onl y tw o wer e  foun d t o  b e  working ;  on e  o f  the m 
ha d neve r  worked .  However ,  i t  wa s  observe d tha t  th e  sola r  refrigerator s  ha d 
a  bette r  trac k recor d tha n th e  othe r  installation s  sinc e  onl y tw o o f  th e 
eleve n inspecte d ha d malfucntioned . 

On th e  basi s  o f  th e  abov e  observations ,  som e  installation s  hav e  bee n selec -
te d furthe r  study ,  involvin g th e  us e  o f  sola r  P V measurin g equipmen t  t o 
monito r  th e  performanc e  o f  thes e  installations . 

Demonstratio n o f  Integrate d Sola r  Powe r  fo r  Village s 

The  sola r  energ y activitie s  als o cove r  demonstratio n an d evaluatio n o f  sola r 
energ y technologie s  suc h a s  wate r  heating ,  portabl e  lightin g an d batter y 
charging .  T o asses s  th e  potentia l  contributio n o f  sola r  energ y t o  th e 
Government' s  Nationa l  Electrificatio n Programme ,  th e  NE B intend s  t o  demon -
strat e  an d evaluat e  th e  concep t  o f  a n integrate d solar-powere d village , 
relyin g entirel y  o n sola r  energ y t o  mee t  it s  electricit y  needs . 

Twelv e  village s  hav e  bee n shortliste d fo r  detaile d screening ,  whic h shoul d 
lea d t o  th e  selectio n o f  on e  o r  tw o fo r  th e  implementatio n o f  th e  pilo t 
project .  Eac h o f  th e  village s  i s  a t  leas t  50k m awa y fro m th e  nationa l  gri d 
an d th e  sola r  powe r  optio n i s  preceive d t o  b e  cheape r  tha n connectio n t o  th e 
grid .  Som e  o f  th e  othe r  criteri a  use d fo r  th e  screenin g o f  th e  village s  ar e 
accessibilut y an d roa d ne t  work ;  economi c  an d agricultura l  potential ,  sola r 
insoaltio n an d annua l  sunshin e  hours . 
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ABSTRAC T 

Since commerciall y produce d nicke l pigmente d aluminiu m absorber s show larg e scatterin g in 
thei r  solar  optica l parameter s a progra m for  preparation , characterizatio n and optimizatio n of thi s 
surfac e ha s been initiated . In thi s laboratory  progra m surface s with optimu m propertie s of 
ot=0.95 and å=0.13 hav e been prepared , while the best factor y produce d commercia l absorbe r 
hav e value s of a=0.9 5 and å=0.19. Th e emittanc e is criticall y dependen t on th e thicknes s of the 
surfac e oxide , while the absorbtanc e depend s both on thicknes s and nicke l content . Th e 
importanc e of measurin g the hemispherica l emittanc e is pointe d out . 

KEYWORD S 

Anodic ; aluminiu m oxide; nicke l pigmented ; solar  absorption ; therma l emittance ; reflectance . 

INTRODUCTIO N 

An idea l solar  selective surfac e shoul d hav e 100%  absorbtanc e for  wavelength s shorte r  tha n 
2 |im and zer o emittanc e for  wavelength s longer  tha n that , if the solar  absorbe r  surfac e hav e a 
temperatur e aroun d 100°C. Th e solar  and blackbod y spectr a both hav e low intensit y at thi s 
wavelengt h as seen from  Fig. 1. A variet y of differen t surface s hav e been teste d and fulfill to 
some exten t thes e conditions . On e of the most frequently  used commercia l material , in solar 
absorber s is nicke l pigmente d aluminiu m oxide on aluminium . Th e productio n cost of thi s 
surfac e is low and it ha s fairl y good selective propertie s and is quit e resistan t to degradation . 
Th e physica l principl e for  the optica l propertie s of such a surfac e is tha t the nonabsorbin g plain 
oxide is change d to highl y absorbin g in the visible par t of the wavelengt h regio n du e to smal l 
nicke l particle s which ar e incorporate d in the aluminiu m oxide. Th e presenc e of thes e particle s 
introduce s an absorbin g componen t in the dielectri c host matri x which change s the optica l 
propertie s accordin g to the mea n field theor y (Sievers , 1979). 
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WAVELENGTH (ìôç ) 

Fig. l.Th e solar  spectru m and blackbod y spectru m at 100°C ar e plotte d togethe r 
with the reflectanc e of a SUNSTRI P ™, nickel-pigmente d aluminiu m oxide 
on aluminiu m solar  selective surface . 

On e exampl e is illustrate d in Fig. 1 by the reflectanc e of a SUNSTRIP ™ surface . Thre e main 
feature s deviat e fro m the idea l case. First , th e transitio n betwee n high and low absorbtanc e of 
the cerme t layer  is broa d and overlap s with both th e solar  and blackbod y spectrum . Secondly , 
optica l interferenc e effect within the doubl e layer  is inevitabl e and the interferenc e maximu m in 
the rang e 1-2 ìéç , wher e the film ha s insufficien t absorbtance , reduce s the solar  absorbtance . In 
the case of the SUNSTRIP ™ surfac e in Fig. 1 thi s fortunatel y coincide s with a low intensit y 
interva l of the solar  spectrum . Th e thir d drawbac k with thi s typ e of cerme t layer  is the rathe r 
stron g absorptio n band s of the oxide in the wavelengt h regio n 8 - 2 5 um (Tartre , 1967). Ther e 
ar e also some absorptio n band s in thi s wavelengt h regio n originatin g from phospho r  anion s of 
the electrolyte , which has been incorporate d in the aluminiu m oxide durin g formatio n (Tra n 
Tac h Lan et al. . 1964). Thes e band s affect the 100°C emittanc e severely . 

Th e aim of our  projec t is to improv e the solar  selectivit y of thi s typ e of solar  absorbe r  material . 
Sunstri p absorber s installe d in differen t solar  system s show larg e scatterin g in thei r  optica l 
properties , a-value s of 0.90 - 0.95 and å-value s of 0.14 - 0.25 ar e obtaine d when differen t 
sample s ar e characterize d (Dolley and Hutchins , 1987; Roos et al.. 1988). A projec t for  the 
preparatio n of thi s surfac e on a laborator y scale ha s therefor e been initiated , wher e the physica l 
effects which determin e and limit the solar  optica l propertie s ar e analyze d 

SAMPL E PREPARATIO N 

Th e aluminiu m substrat e used was rolle d aluminiu m covere d with an electroplate d aluminiu m 
layer , 10 um thick and of 99.98%  purity . Th e sample s wer e cut in pieces of 35x50 mm and 
cleane d befor e anodization . The y wer e immerse d for  abou t 10 s in a concentrate d alkalin e 
detergen t solutio n and immerse d for  five minute s in 1 Ì  nitrid e acid . Finall y they wer e rinse d in 
distille d wate r  and drie d quickl y in a nitroge n gasflow. 

Th e electrolyt e used for  anodizatio n was a 2.5 Ì  phosphori c acid at (19.5 ± 0.5) °C. A constan t 
dc-voltag e of 10 V was used for  producin g oxide layer s of up to 0.5 ìð é which appeare d to be 
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the limitin g thicknes s befor e growt h and dissolutio n of the oxide reache d a stat e of equilibrium . 
For  thicke r  coating s the voltag e was set to 15 V. Th e sample s wer e anodize d in pairs , clampe d 
togethe r  back to back . Since the y both got th e sam e oxide thickness , one of the m could be kep t 
as an anodize d referenc e to the pigmente d twin sample . 

Th e following nickel-pigmentatio n was also carrie d out electrochemically , in a solutio n of pH 
4.7 containing : 30 g N i S 0 4, 2 0 g ( N H 4) 2 S 0 4, 2 0 g M g S 0 4 and 20 g H 2B 0 3 per  litr e distille d 
water . Th e pigmentatio n proces s took betwee n 4 and 6 minute s in orde r  to get a visuall y dar k 
surfac e of th e sample . Th e initia l ac-voltag e of 17 V was kep t constan t durin g the firs t two 
minutes . Th e curren t had then droppe d to abou t 350 mA. After  thi s the voltag e was 
continuousl y adjuste d to maintai n thi s current . 

MEASUREMENT S 

Th e optica l reflectanc e measurement s wer e performe d with a Beckma n 5240 doubl e bea m 
spectrophotomete r  in the 0.35 - 2.5 ìð é wavelengt h range . Th e Beckma n instrumen t was 
equippe d with a 198851 integratin g spher e for  measurin g the hemispherica l reflectanc e with a 
B a S 0 4 referenc e plate . 

Th e spectra l reflectanc e in the infrare d wavelengt h rang e betwee n 2 - 50 ìð é was scanne d with a 
Perki n Elme r  983 infrare d doubl e bea m spectrophotomete r  usin g a reflectanc e accessor y with 
nearl y norma l incidenc e of the incomin g light . An evaporate d aluminiu m film on glass was used 
as a reference . Th e infrare d reflectanc e dat a presente d her e ar e not correcte d for  the less tha n 
100%  reflectivit y of the reference . Since thi s measuremen t only account s for  the specula r  par t of 
the radiatio n the measure d reflectanc e is to low compare d to the reflectanc e dat a from  the 
integratin g spher e measurement s in the overlappin g regio n aroun d 2 ìðé . Thi s mismatc h is 
however  only noticeabl e for  the highl y reflectin g samples . 

Th e solar  absorbtanc e was calculate d from  the integratin g spher e measurement s usin g ASTM 
solar  data . Th e norma l emittanc e at 100°C was calculate d from  the infrare d reflectanc e dat a 
correcte d for  the emittanc e of the aluminiu m referenc e used in the measurements . 
Th e tota l hemispherica l emittanc e was measure d calorimetricall y at 100°C. 

Th e thicknes s of the anodi c layer  was estimate d from  the interferenc e fringe s in the visible 
wavelengt h regio n usin g a refractiv e inde x of 1.7 for  the aluminiu m oxide (Pastore , 1985). 

RESULT S 

An anodi c oxide layer  forme d in an acid solutio n ha s a porou s structur e with the pore s 
perpendicula r  to the surfac e (Keller  et al.. 1953). Durin g pigmentatio n the pore s ar e filled with 
nicke l particle s startin g from  the botto m of th e pore s (Andersso n et al.. 1980; Uchin o et al.. 
1979). Th e filling facto r  - volum e fractio n of nicke l to the total  cerme t volum e - depend s on 
both pigmentatio n curren t and pigmentatio n tim e in combinatio n with how larg e the tota l por e 
volum e of the specific oxide is. Th e tota l por e volum e is larges t for  oxides anodize d in 
phosphori c acid and at lowest possibl e voltag e (Keller  et al.. 1953). A por e volum e as larg e as 
30%  of the tota l oxide volum e can tha n be obtaine d (Pavlovi c and Ignatiev , 1986). Our  oxides 
ar e not quantitativel y analyze d yet but they wer e anodize d unde r  the conditio n for  maximize d 
por e volume . 
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In order to investigate how the optical properties of the sample changes progressively durin g th e 
anodization-pigmentation process, a sample were measured before cleaning, after anodization 
and after one, two and four minutes of pigmentation. The corresponding reflectance curves ar e 
presented in Fig. 2. 

The anodized sample has an oxide thickness of 0.35 ìðé . The overall reflectance is reduced 
owing to some etching of the aluminium surface during the cleaning. 

It is seen how the nickel changes the optical properties of the film from being highly transparent 
to highly absorptive in the short wavelength region. This absorbing region is shifted towards 
longer wavelengths with increasing nickel content in the oxide. However, in the infrared 
wavelength region, the transparency of the oxide is not altered severely by the pigmentation. It 
is therefore possible to select a suitable part of the wavelength region where the cermet film 
transforms from highly absorbing to nonabsorbing by adjusting the pigmentation time and 
current obtaining a specific nickel content in the oxide. When the film gets optically thicker with 
increased nickel content, the interference pattern is also changed in a similar manner, shifting 
the annoying first maximum out of the wavelength region of the solar spectrum. The sample ha s 
after four minutes of pigmentation a solar absorption of 0.95 and a hemispherical emittance at 
100°C of 0.13. 

The selective properties of the cermet can also be changed by varying the oxide film thickness. 
Figure 3 shows the reflectance curves of samples of thicknesses 0.25 ìðé , 0.45 ìð é an d 0. 7 ìßí é 
pigmented under identical conditions. The transition wavelength region between hig h an d low 
absorbtance is shifted towards longer wavelengths with increasing film thickness. Th e thickest 
cermet layer has pronounced absorption bands in the 8-25 ìð é wavelength region. Thi s gives a 
large contribution to the emittance which is 0.22 for this sample. The thinnest film also has 
some extra absorption at about 6 ìð é which is a feature of heavily pigmented samples. This is 
interpreted as the pores in this thin oxide being filled up to the surface. This sample has a 
hemispherical emittance at 100°C of 0.13 and the 0.45 ìð é thick sample has 0.15. Th e sample s 
have the same solar absorbtance of 0.95. 

Fig. 2. The reflectance of a 0.35 ìé ç thick sample has been measured between 
subsequent steps of the pigmentation process. 
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Fig .  3 .  Aluminiu m oxid e  o f  differen t  thicknes s  bu t  pigmente d unde r  identica l 
conditions . 

The  sample s  whic h hav e  th e  bes t  sola r  selectivit y  ar e  presente d i n Tabl e  1 . Fo r  compariso n w e 
presen t  bot h  th e  norma l  emittanc e  calculate d from  th e  reflectanc e  dat a  an d th e  hemispherica l 
emittanc e  measure d calorimetrically .  Th e  late r  on e  determine s  th e  radiatio n losse s  fro m th e 
absorber .  I t  i s  importan t  t o not e  tha t  th e  hemispherica l  emittanc e  i s  highe r  tha n th e  norma l 
emittance . 

Tabl e  l.Th e  sample s  wit h th e  bes t  sola r  absorptio n an d emittanc e  a t  100° C ar e 
presente d i n  th e  table . 

Oxid e  thicknes s  Sola r absorbtanc e  Norma l emit tanc e  Hemisper ica l emi t t anc e 
( u m ) a t 100° C a t 100° C 

0.2 5 0 .9 4 0.1 1 0.1 3 
0.9 5 0.1 1 0.1 4 

0.3 5 0.9 5 0.1 2 0.1 3 
0.9 6 0 .1 2 0.1 6 

0.4 5 0.9 5 0.1 0 0.1 4 
0.9 5 0.1 2 0.1 5 
0.9 6 0 .1 2 0.1 5 
0.9 6 0.1 2 0.1 6 

0.7 0 0.9 4 0.1 5 0.2 1 
0.9 5 0.1 7 0 .2 2 
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DISCUSSIO N 

The  dat a  o f  Tabl e  1  show s  tha t  hig h absorbtanc e  ca n b e  obtaine d fo r  al l  th e  chose n oxid e 
thickness .  Th e  emittanc e  i s  howeve r  increase d wit h fil m thicknes s  mainl y becaus e  o f  th e  deepe r 
absorptio n band s  i n  th e  8-2 5 ìð é  range .  Th e  thickes t  oxid e  o f  0. 7  \ i m i s  therefor e  no t  suitabl e 
regardin g th e  sola r  optica l  properties .  Al l  sample s  o f  thicknes s  betwee n 0.2 5 an d 0.4 5 ìé ç  hav e 
fairl y  lo w emittanc e  values ,  an d compare d t o  th e  hemispherica l  emittanc e  o f  th e  plai n anodize d 
sample s  th e  emittanc e  i s  nearl y  unchange d afte r  pigmentation .  Mos t  o f  th e  nicke l  pigmente d 
sola r  absorber s  foun d i n  th e  literatur e  hav e  a n oxid e  thicknes s  o f  0. 6  -  0. 8  ìéô é  an d therefor e 
highe r  emittanc e  value s  tha n thi n  oxides .  A  thicke r  oxid e  laye r  i s  no t  completel y pigmented ,  i t 
ha s  a  to p oxid e  laye r  whic h i s  almos t  fre e  fro m nicke l  (Andersso n e t  al. .  1980 )  whic h coul d b e 
preferabl e  regardin g degradation .  Sample s  o f  thicknes s  0.4 5 ìôç  o r  thinne r  ar e  mor e  full y 
pigmented .  W e  hav e  no t  ye t  investigate d ho w th e  degradatio n affect s  nicke l  pigmente d 
aluminiu m oxid e  i n  th e  thicknes s  rang e  betwee n 0.2 5 -  0. 7  ìôç. 

An improvemen t  o f  th e  emittanc e  fro m å=0.2 2 t o  0.1 3 correspond s  t o  a  suppressio n o f  th e  Up -
valu e  fo r  a  teflo n equippe d glazin g o f  aroun d 0. 5  W / m 2 oC.  Accordin g t o  Karlsson s  relatio n 
(Perer s  an d Karlsson ,  1990 )  thi s increase s  th e  annua l  hea t  productio n o f  a  fla t  plat e  collecto r 
operatin g a t  T=7 0 ° C with 35kWh/m 2.  A n increas e  o f  th e  absorbtanc e  fro m a=0.9( )  t o  0.9 5 
correspond s  unde r  identica l condition s  t o  a  simila r  annua l  increas e  o f  35kWh/m 2.  Thi s  mean s 
tha t  optimizatio n o f  th e  absorbe r  surfac e  ha s  th e  potentia l  o f  increasin g th e  annua l  hea t 
productio n o f  fla t  plat e  collector s  installe d i n  th e  larg e  Swedish collecto r  fiel d  b y aroun d 10% . 

REFERENCES 

Andersson ,  Á., Ï .  Hunder i  an d C.G .  Granqvis t  (1980).Nicke l  pigmente d anodi c  aluminu m 
oxid e  fo r  selectiv e  absorptio n o f  sola r  energy .  J .  Appl .  Phys. .  51 .  754-764 . 

Dolley ,  P .  R .  an d M .  G .  Hutchin s  (1987) .  Accelerate d agein g an d durabilit y  testin g o f 
spectrall y  selectiv e  sola r  absorbe r  surfaces .  In :  Advance s  i n  Sola r  Energ y Technolog y (W . 
H.  Blos s  an d F .  Pfisterer ,  Ed.) ,  1 ,  682-685 ,  Pergamo n Press . 

Keller ,  F. ,  M .  S .  Hunte r  an d D .  L .  Robinso n (1953).Structura l  feature s  o f  oxid e  coating s  o n 
aluminum .  J .  Electrochem .  Soc .  100 .  411-419 . 

Tra n Thac h Lan ,  F .  Naudi n an d P .  Robbe-Bourge t  (1964) .  Etud e  d e  l a  constitutio n de s  film s 
d'oxyd e  anodiqu e  pa r  absorptio n infraroug e  J .  d e  Phvs. .  2 5 ,  11-14 . 

Pastore ,  G .  F .  (1985).Transmissio n interferenc e  spectrometri c  determinatio n o f  th e  thicknes s 
an d refractiv e  inde x o f  barrie r  film s  forme d anodicall y  o n aluminium .  Thi n Soli d  Films ,  123 . 
9-17 . 

Pavlovic,T .  an d A .  Ignatie v (1986) .  Optica l  an d thicknes s  propertie s  o f  anodicall y  oxidize d 
aluminu m Thi n Soli d  Films .  138.97-109 . 

Perers ,  B .  an d B .  Karlsso n (1990) .  Thi s  conference . 
Roos ,  Á. ,  Â .  Karlsso n an d L .  H .  Andersso n (1988).Optica l  propertie s  an d durabilit y  o f  sola r 

absorbe r  surface s  base d o n anodize d aluminium .  In :  Proceeding s  fro m Nort h Sun'8 8 (L . 
Broma n an d M .  Ronnelid ,  Ed.) .  539-544 .  Swedis h Counci l  fo r  Buildin g Research ,  Giivle . 

Sievers ,  A .  J.(1979) .  Spectra l  Selectivit y  o f  Composit e  Materials .  In :  Topic s  i n  Applie d 
Physics:Sola r  Energ y Conversio n (B .  O .  Seraphin ,  Ed.) ,  31,57-114 .  Springe r  Verlag . 

Tartre ,  P .  (1967) .  Infra-re d spectr a  o f  inorgani c  aluminate s  an d characteristi c  vibrationa l 
frequencie s  o f  A10 4 tetrahedr a  an d A10 6 octahedra .  Spectrochimic a  Acta .  22 ,  2127-2143 . 

Uchino ,  H. ,  S .  Aso ,  S .  Hozumi ,  H .  Tokumasu ,  Y .  Yoshiok a  (1979) .  Selectiv e  surface s  o f 
color-anodize d aluminu m fo r  sola r  collectors .  Nat .  Techn .  Report .  2 5 994-1004 . 



F O U R I E R A N A L Y S I S O F D A I L Y S O L A R R A D I A T I O N D A T A I N E G Y P T 

M.T.Y . T A D R O S 

Facu l t y of Sc ience , Phys ic s D e p a r t m e n t 

Mansour a Univers i ty , Mansour a - Egypt . 

and 

M A M O S A L A M S H A L T O U T 

Nat iona l Researc h Ins t i tu t e of As t ronom y 

an d Geophysics , H e l w a n , Cair o - Egypt . 

ABSTRACT 

The aim of this work has  been to obtain  a Typical Annual  Time function  by the application  of a 

calculating  procedure  based on a Fourier  analysis  to a daily solar  radiation  data  of 8 stations  of 

different  climatic conditions  in Egypt. 

This function  allows to estimate the most probable  value of the Global Solar  Radiation  for every 

day of the year. The deviation for the annual  average,  of any year in the period (1981 - 1986), 

from the annual  average  obtained  by the Typical Annual  Time Function  is less than  5 %. 

KEY WORDS 

Sola r  radiatio n over  Egypt , Fourie r  analysi s 

INTRODUCTION 

Th e determinat io n of th e Globa l Sola r  Radiat io n (GSR ) is ver y impor tan t in differen t 

scientifi c applications . Recently , it ha s bee n recognize d tha t th e typ e of statistica l informatio n 

on sola r  radiatio n ha s general l y bee n publishe d in th e professiona l l i teratur e is insufficien t 

for  sizin g an d optimizin g sola r  energ y sys tem s of ver y hig h sola r  fractions . For  example , th e 

k ind s of emperica l an d even analyti c desig n method s tha t ar e appropriat e for  sola r  energ y 

sys tem s of intermediat e sola r  fraction s do no t offer  adequat e accurac y in th e optima l sizin g of 

stand-alon e photovolti c sys tem s [1]. Therefore , Sola r  Radiatio n Dat a (SRD ) shoul d be "tim e 

series "  analyzed . A statist ica l meaningfu l projection s of thes e dat a int o th e futur e will b e 

given by th e analysi s for  a pas t perio d of thes e "tim e series "  [1, 2] . 

Shaltou t [3] calculate d th e inpu t sola r  energ y for  77 site s in Egyp t usin g th e relativ e humidit y 

an d th e cloudnes s observation s wit h deviatio n abou t 5%  fro m th e observe d values . 

Mehann a [4] gav e a syste m of simpl e linea r  equation s to est imat e monthl y mea n valu e of GSR 

over  Egyp t wit h deviatio n abou t 10 %  fro m th e observe d values . 

A metho d of calculatio n ha s bee n develope d by Albert o an d Recio [5] to obtai n a Typica l Annua l 

Tim e Functio n us in g Fourie r  analysi s for  Bercelona . 

Also, Baldasan o Reci o et a l [6] ha d bee n obtaine d th e Typica l Annua l Tim e Functio n by th e 

applicatio n of a calculatio n procedur e base d on a Fourie r  analys i s to SR D of 21 stat ion s in 

S p a i n . 

Helw a an d th e author s [7] determine d th e GS R for  differen t la t i tude s in Egyp t by us in g Th e 

Fourie r  analysi s of dail y SR D for  th e yea r  1982. 
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DATABASE 

I t i s possibl e t o subdivid e th e climatologica l regim e of Egyp t int o differen t region s a s Uppe r 

Egypt , Wester n Deser t , Middl e Egypt , Cair o area , Del t a an d Suz e Canal , Re d Sea an d 

Mediterranea n Sea [3]. Therefore , we ha d choiced our  availabl e dat a t o cover  th e mos t climato -

logica l regions . Actuall y we could no t obtai n an y dat a for  Sina i an d th e Red Sea regions . Th e 

dail y SRD , in our  study , wer e obtaine d fro m Sola r  Radiatio n an d Radiatio n Balanc e Dat a [81. 

Th e name s an d th e climatologica l region s a s well a s th e availabl e year s for  eac h statio n ar e 

indicate d in tabl e 1. 

Tabl e 1: Names , Climatologica l region , an d year s of dat a for  8 station s 

Statio n Climatologica l regio n Year s 

A s w a n Uppe r  Egyp t 1981,1983-1986 5 

Kharg a Wester n Deser t 1981-1986 6 

As iu t Middl e Egyp t 1982-1986 5 

Cair o Cair o are a 1981 -1986 6 

Baht i m Cair o are a 1981 -1986 6 

T a h r i r Delt a an d Suz e Cana l 1981 -1984,1986 5 

Mers a Matrou h Mediterranea n Sea 1982-1986 5 

Sid i - Barran i Mediterranea n Sea 1985,1986 2 

METHO D OF ANALYSIS 

Th e procedur e of Fourie r  analysi s depend s on th e fitting  of a trigonometri c functio n (sin e an d 

cosin e components) . Th e analysi s by thi s procedur e allow s to est imat e th e amplitud e an d th e 

phas e angl e for  differen t harmonics , a s well a s th e percentag e of representat io n of eac h 

harmoni c in th e dat a (annua l variance) . To obtai n a Typica l Annua l Tim e Function , a s 

detaile d in [5, 7, 9] , we ha d use d th e following expressio n : 

S (D, r ) = S M T + A M T (r ) cos (2ð Dr/ N - è ÷ (r) ) (1) 

wher e S (D,r ) is th e es t imate d dail y GS R for  an y harmoni c r , (r  = 1, 2, , N/2 for  1st , 2n d 

harmoni c etc) , an d for  an y da y D, (D = 1, 2,..., N); Í  is th e tota l numbe r  of days . S M X is 

th e annua l averag e of th e dail y GSR , AM»p(r ) an d Èº»( Ã) ar e th e annua l amplitud e an d th e phas e 

angle , respectively , correspondin g to th e specified harmoni c r . 

Ou r  metho d of analys i s for  obtainin g th e Typica l Annua l Tim e Functio n consis t s of tw o 

s t ages : 

1. Th e firs t stag e is t o obtai n th e representiv e equatio n of eac h year , for  differen t stations , by 

applyin g Fourie r  analysi s t o th e set of annua l serie s yea r  afte r  year . 

2. Th e secon d s tag e is t o obtai n th e representat iv e equatio n for  th e averag e of al l th e 

availabl e years , da y b y day , for  eac h station . Th e representat iv e equatio n in thi s cas e 

will b e calle d Typica l representativ e equatio n or  Typica l Annua l Tim e Function . 
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RESULT S AND DISCUSSION S 

The annual variance, has been estimated by the application of Fourier analysis to obtain either 

the annual representative equation or the Typical representative equation (corresponding to the 

first harmonic, varies between 73 % and 97 %. The harmonic is the best harmonic describes the 

Annual Solar Radiation [5, 7, 9]. Accordingly, the first harmonic will be used in this work. 

The annual average (SMf in MJ/m2), the amplitude (AM»p in MJ/m2), Phase angle (è»ñ in 

degree) and the percentage of presentation of the Typical representative equation in the 

measured data variance; % VAR) are given in table 2. The same variables with the percentage 

deviation of the annual average for the yearly representative equations, of each station, from 

the corresponding Typical representative equation are given in tables 3-10. 

Tabl e 2 : Parameter s of th e Typica l Annua l Tim e Functio n for  analyze d 

stations . 

Statio n Year S M j A M T è «|» %  VAR 

Aswan 5 23.50 6.60 -0.1984 94.7 

Kharga 6 22.88 6.91 -0.1758 96.1 

Asiut 5 21.75 7.90 -0.1314 95.9 

Cairo 6 19.02 8.46 -0.1043 97.1 

Bahtim 6 19.96 8.68 -0.1043 97.1 

T a h r i r 5 19.93 8.62 - 0.1261 97.0 

M.Matrouh 5 20.58 9.71 - 0.0952 96.4 

Sidi-Barrani 2 19.74 9.40 - 0.1221 91.7 

Tabl e 3 : Parameter s of th e yearl y representativ e equatio n wit h deviatio n of 

a n i m a l averag e from  Typica l averag e for  Aswan . 

Year s S M T A M T è »p %VA R %  Deviatio n 

1981 24.57 6.71 - 0.2254 88.7 4.55 

1983 23.53 6.53 -0.1476 73.0 0.13 

1984 23.33 6.83 -0.1916 86.1 -0.72 

1985 23.13 6.49 -0.1631 86.2 -1.57 

1986 23.03 6.52 - 0.2715 92.2 -2.00 
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Tabl e  4 :  Parameter s  o f  th e  yearl y  representativ e  equation s  wit h deviatio n o f 
annua l  averag e  fro m Typica l  averag e  fo r  Kharga . 

Year s S MT A MT è ô %VAR % Deviatio n 

198 1 23.8 4 7.1 6 -0.181 0 89. 0 4.2 0 

198 2 22.8 4 6.8 4 -0.147 1 84. 2 -0.1 7 

198 3 23.1 3 6.9 1 -  0.207 0 90. 5 1.0 9 

198 4 22.5 8 6.5 8 -  0.220 0 87. 0 -  1.3 1 

198 5 22.7 0 7.2 1 -  0.095 8 83. 7 -0.7 9 

198 6 22.1 0 6.8 1 -0.217 1 92. 1 -3.4 1 

Tabl e  5 :  Parameter s  o f  th e  yearl y  representativ e  equation s  wit h deviatio n o f 
annua l  averag e  fro m Typica l  averag e  fo r  Asiut . 

Year s S MT A MT è  *· ñ %VAR % Deviatio n 

198 2 21.6 5 7.8 5 -  0.090 6 84. 3 -0.4 6 

198 3 22.0 7 7.9 3 -0.136 6 88. 1 1.4 7 
198 4 22.2 0 7.9 0 -0.174 4 90. 4 2.0 7 

198 5 21.5 0 7.9 6 -  0.087 5 83. 0 -  1.1 5 
198 6 21.3 1 7.9 0 -0.176 1 91. 2 -2.0 2 

Tabl e  6 :  Parameter s  o f  th e  yearl y  representativ e  equation s  wit h deviatio n o f 
annua l  averag e  fro m Typica l  averag e  fo r  Cairo . 

Year s S MX A MT è  ¾ %VAR % Deviatio n 

198 1 19.8 2 8.5 0 -  0.090 3 87. 5 -4.2 1 

198 2 19.1 0 8.7 4 -  0.087 5 86. 4 0.4 2 

198 3 18.8 7 8.5 9 -  0.097 0 85. 3 -0.7 9 
198 4 19.1 6 8.3 7 -0.158 8 86. 5 0.7 4 
198 5 18.5 1 8.3 5 -  0.080 9 82. 5 -2.6 8 
198 6 18.6 2 8.4 6 -0.155 2 87. 0 -2.1 0 

Tabl e  7:  Parameter s  o f  th e  yearl y  representativ e  equation s  wit h deviatio n o f 
annua l  averag e  from  Typica l  averag e  fo r  Bahtim . 

Year s S MT A MT è  »J » %VAR % Deviatio n 

198 1 20.9 3 8.8 9 -0.105 7 88. 3 4.8 6 

198 2 19.7 5 8.7 7 -  0.077 7 86. 8 -  1.0 5 

198 3 19.7 9 8.7 5 -  0.087 1 85. 8 -0.8 5 

198 4 20.0 2 8.4 6 -0.157 9 88. 1 0.3 0 

198 5 19.2 5 8.6 8 -  0.068 8 82. 5 -3.5 6 

198 6 19.9 9 8.5 4 -0.138 9 85. 7 0.1 5 
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Tabl e 8 : Parameter s of th e yearl y representativ e equation s with deviatio n of 

annua l averag e fro m Typica l averag e for  Tahrir . 

Year s S M X A M T è T %VA R %  Deviatio n 

1981 20.71 8.59 -0.1168 87.2 3.91 
1982 19.81 8.65 -0.1120 87.0 -0 .60 
1983 19.88 8.82 - 0.0749 85.9 -0 .25 
1984 20.06 8.75 -0.1584 88.9 0.65 
1986 19.16 8.31 -0.1797 87.5 -3 .86 

Tabl e 9 : Parameter s of th e yearl y representativ e equation s with deviatio n of annua l 

averag e fro m Typica l averag e for  Mers a Matrouh . 

Year s S M X A M T è »j» %VA R %  Deviatio n 

1982 20.59 9.96 - 0.0556 84.2 0.05 
1983 20.73 9.88 - 0.0733 85.9 0.73 
1984 21.23 9.63 -0.1039 86.9 3.16 
1985 20.51 9.82 - 0.0945 83.9 -0 .34 
1986 19.81 9.31 -0.1613 87.0 -3 .74 

Tabl e 10: Parameter s of th e yearl y representativ e equation s with deviatio n of 

annua l averag e fro m Typica l averag e for  Sidi Barrani . 

Year s S M X A M T è T %VA R %  Deviatio n 

1985 20.51 9.82 - 0.0945 83.9 -0 .34 

1986 19.81 9.31 -0.1613 87.0 -3 .74 

Fro m table s 3-10, it is clea r  tha t th e percentag e deviatio n of th e annua l averag e for  th e yearl y 

representativ e equation , fro m th e averag e of th e Typica l one , is less tha n 5 %. Also, th e yearl y 

varianc e for  al l th e stat ion s is less tha n tha t of th e Typica l Annua l Tim e Functio n (tabl e 2). 

Thi s indicate s tha t th e Typica l Annua l Tim e Functio n obtaine d b y thi s metho d of analysi s 

gives a bes t fittin g for  th e dat a of a lon g period . Th e longe r  of th e perio d of th e dat a is th e bette r 

for  determinin g th e Typica l Annua l Tim e Functio n wit h mor e accuracy . 

Figure s 1-8 sho w th e dail y va lue s of GS R measure d durin g 1986 an d th e correspondin g 
representat iv e equatio n for  al l th e analyze d stations . Figure s 9-16 sho w th e representativ e 
equation s for  th e perio d fro m 1981 to 1986 (dashe d lines ) an d th e correspondin g Typica l Annua l 
Tim e Functio n (dotte d lines ) of th e differen t climatologica l regions . 

Figure s 13 an d 14 sho w tha t ther e is a similarit y for  th e Typica l Annua l Tim e Functio n of 
Baht i m an d Tahrir . Thei r  maximu m value s ar e 28.63 M J / m 2 in 25t h of Jun e for  Bahtim , 28.54 
M J / m 2 in 24t h of Jun e for  Tahri r  an d minimu m value s ar e 11.28 M J / m 2 in 25 th of Decembe r 
for  Baht im , 11.31 M J / m 2 in 24t h of Decembe r  for  Tahrir . Therefore , Tahri r  regio n can be 
relate d to th e climatologica l GS R regim e of Cair o area . 
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The remarkable decrease of the amounts of GSR for Cairo (maximum 27.47 MJ/m2 in 25**1 of 
June and minimum 10.61 MJ/m2 in 2 5 th of December, Lat. 30' 05x Í  and Long. 31 ' I T E, see 
Figure 12) with respect to Bahtim, Lat. 30' 08 * Í  and 31* 15 N Å (see Figure 13) could be atributed 
to the air pollution in Cairo. 

It is clear, also, from Figures 9, 10 and 11 that, the Upper Egypt region have the maximum 
values of GSR (maximum 30.13 MJ/m2 in 2 0 th of June and minimum 16.9 MJ/m2 in 19th of 
December for Aswan). The Western Desert GSR regime is lower than that of the Upper Egypt 
but higher than that of the Middle Egypt (maximum 29.79 MJ/m2 in 2 1 t h of June, minimum 
15.96 MJ/m 2 in 2 1 t h of December for Kharga and maximum 29.65 MJ/m2 in 2 4 th of June, 
minimum 13.85 MJ/m2 in 2 3 th December for Asiut). 

Figures 15, 16 show that the Mediterranean Sea region is similar to that of Cairo area in winter 
(minimum 10.33 MJ/m 2 in 2 4 th of December for Sidi-Barrani and 10.86 MJ/m 2 in 2 6 th of 
December for Mersa Matrouh). In summer, it is similar to that of Middle Egypt (maximum 
29.13 MJ /m 2 in 2 4 tn of June for Sidi-Barrani) or the Upper Egypt as in Mersa Matrouh 
(maximum 30.29 MJ/m2 in 2 6 th of June). 

CONCLUSION S 
A Typical Annual Time Function is obtained for 8 measurement stations, in Egypt, of daily 
GSR over a horizontal surface by the application of a computational method based on Fourier 
ana lys i s . 
The percentage of representation, for the data, obtained by yearly representative equation, 
corresponding to the first harmonic, varies between 73 % and 92 %. The Typical representative 
equation gives the mentioned percentage between 91 % and 97 %. The percentage of other 
harmonics is less than 2.5 %. 
The climatological GSR regime of the Mediterranean Sea is similar to that of Upper Egypt 
region, in summer, and is similar to that of Cairo area, in winter. 
The obtained Typical Annual Time Function, for each station, allows to estimate the most 
probable value of the GSR for every day of the year. The deviation of the annual average, of any 
year, from that obtained by the Typical Annual Time Function, in the period from 1981 to 1986, 
is less than 5 %. 
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MODELS FO R ESTIMATIN G SOLA R IRRADIATIO N AND ILLUMINATIO N 

J.A .  OLSETH* an d A .  SKARTVEI T 

Geophysica l  Institute ,  Divisio n o f  Meteorolog y 
Universit y  o f  Bergen ,  Allegt .  70 ,  N-500 7 Bergen ,  NORWAY. 

als o a t  Th e  Norwegia n Meteorologica l  Institute ,  Oslo . 

ABSTRACT 

Ther e  i s  a n increasin g deman d fo r  detaile d dat a  o n irradianc e 
an d illuminanc e  o n hourl y basi s  bot h fo r  horizonta l  an d fo r 
slopin g surfaces .  Thi s  pape r  describe s  model s  fo r  estimatin g 
thes e  detaile d dat a  fro m long-ter m globa l  irradiatio n an d als o 
present s  example s  o f  ho w thes e  model s  ar e  use d t o  produc e  th e 
require d detaile d dat a  fo r  th e  Norwegia n sola r  energ y com -
munity . 

KEYWORDS 

Hourl y sola r  irradianc e  an d illuminance ,  models . 

INTRODUCTION 

Mean globa l  radiatio n yield s  monochromati c  radianc e  integrate d 
wit h respec t  t o  wavelength ,  soli d  angl e  an d time .  Bu t  a  larg e 
numbe r  o f  radiation-drive n processe s  ar e  bot h non-linea r  an d 
spectrall y  selective ,  an d the y also  depen d o n th e  orientatio n 
of  th e  irradiate d plane .  Therefore ,  th e  requeste d dat a  relat e 
t o  e.g .  specifi c  location s  an d tim e  resolutions ,  t o  specifie d 
slopin g plane s  (e.g .  sola r  collectors ,  windows )  o r  t o  specifie d 
part s  o f  th e  sola r  spectru m (th e  entir e  sola r  spectru m o r  e.g . 
ultraviole t  radiation ,  photosynteti c  activ e  radiation ,  dayligh t 
illumination) .  Suc h detaile d dat a  ofte n hav e  t o  b e  modelle d 
fro m les s  detailed ,  existin g dat a  (mos t  ofte n mea n globa l 
radiation ,  whic h ar e  th e  mos t  abundan t  sola r  radiatio n data) . 

I n  earlie r  paper s  (Olset h an d Skartveit ,  198 5 an d 1986 )  sola r 
radiatio n dat a  o n annual ,  monthl y ,an d dail y  basi s  hav e  bee n 
presente d fo r  Norway .  I n  thi s  pape r  a  brie f  surve y o f  th e  wor k 
don e  t o  provid e  th e  Norwegia n sola r  energ y communit y wit h 
detaile d sola r  radiatio n dat a  o n hourl y basi s  i s  presented . 
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MODELS 

The  frequenc y distributio n o f  hourl y globa l  irradianc e  ha s  bee n 
modelle d i n  term s  o f  sola r  elevation ,  seaso n an d monthl y mea n 
value s  o f  globa l  radiatio n (Olset h an d Skartveit ,  1987a) .  Thi s 
frequenc y distribution ,  give n i n  Fig .  1 ,  show s  a  characteristi c 
bimoda l  patter n wit h th e  highes t  frequencie s  (modes )  a t  hig h 
an d lo w sola r  radiation .  Th e  bimodality ,  whic h i s  a  resul t  o f 
th e  typica l  "U-shaped "  frequenc y distributio n o f  clou d cover , 
may b e  highl y significan t  fo r  non-linea r  radiation-drive n 
processes . 

0 0.2 0Ë 0.6 0.8 10 

Fig .  1 .  Th e  probabilit y  densit y  functio n Ñ  o f  hourl y 
clearnes s  inde x ö  (observe d global/estimate d clea r 
sk y global )  fo r  variou s  monthl y mea n indice s  ö . 

A mode l  fo r  th e  partitio n o f  hourl y globa l  irradianc e  int o it s 
diffus e  an d direc t  components ,  a s  a  functio n o f  clearnes s  inde x 
an d sola r  elevation ,  ha s  bee n develope d an d verifie d (Skartvei t 
an d Olseth ,  1987) .  Thi s  model ,  give n i n  Fig .  2 ,  togethe r  wit h a 
mode l  fo r  th e  angula r  distributio n o f  diffus e  radianc e  (Skar -
tvei t  an d Olseth ,  1986 )  yield s  a  complet e  descriptio n o f  th e 
angula r  distributio n o f  hourl y globa l  irradianc e  a s  a  functio n 
of  sola r  elevatio n an d globa l  irradiance .  Th e  mode l  fo r  th e 
angula r  distributio n o f  diffus e  radianc e  account s  fo r  th e  fact s 
tha t  th e  diffus e  radianc e  increase s  wit h decreasin g angl e  fro m 
th e  su n i n  cloudles s  weather ,  an d tha t  i t  increase s  wit h de -
creasin g angl e  fro m zenit h  a t  overcast .  Give n globa l  irradianc e 
an d surfac e  albedo ,  thes e  model s  ca n b e  use d fo r  estimatin g ir -
radiance s  o n arbitraril y  orientate d planes . 

By a  physicall y  base d interpolatio n betwee n publishe d model s 
fo r  cloudles s  (Bir d an d Riordan ,  1986 )  an d overcas t  (Stephen s 
e t  al. .  1984 )  conditions ,  a  mode l  (Olset h an d Skartveit ,  1989) , 
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Fig .  2 .  Modelle d hourl y diffus e  fractio n  Ha/H g 
(diffuse/global )  a s  a  functio n o f  clearnes s  inde x k 
(observe d global/extraterrestria l  global )  fo r  variou s 
sola r  elevations . 

ï  100 110 120 13 0 HO 
OBSERVE D GLOBA L LUMINOUS EFFICAC Y (lumen /W ) 

Fig .  3 .  Modelle d vs .  observe d grou p mea n value s 
(group s  accordin g t o  sola r  elevatio n an d sunshin e 
duration )  o f  hourl y globa l  luminou s  efficacie s 
(illuminance/irradiance )  fo r  Berge n (60 .4°N ,  5.3°E) , 
1965-7 2 (2298 8 hour s ) . 
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givin g th e  spectra l  compositio n o f  direc t  an d diffus e  radia -
tion ,  unde r  arbitrar y cloudines s  an d sola r  elevation ,  ha s  bee n 
develope d an d verified .  I n  th e  mode l  th e  diffus e  radiatio n i s 
decompose d int o radiatio n fro m cloudles s  sky ,  radiatio n trans -
mitte d throug h thic k clouds ,  an d radiatio n transmitte d throug h 
thi n cloud s  or/an d reflecte d fro m thic k clouds .  Th e  spectra l 
compositio n o f  eac h o f  thes e  thre e  component s  an d o f  th e  direc t 
radiatio n i s  subsequentl y  estimated .  Thi s  mode l  i s  use d fo r 
estimatio n o f  dayligh t  illuminatio n fro m globa l  radiatio n data , 
an d i t  i s  teste d agains t  dayligh t  dat a  fro m Berge n (Fig .  3 ) . 

RESULTS 

Wit h monthl y mea n value s  o f  globa l  radiatio n a s  th e  onl y input , 
th e  model s  describe d abov e  hav e  bee n use d t o  produc e  table s 
givin g duratio n (fo r  eac h mont h an d fo r  th e  whol e  year )  o f 
hourl y sola r  irradianc e  (entir e  spectrum )  upo n 1 1 differentl y 
orientate d surface s  fo r  1 6 Norwegia n station s  betwee n 58 °  an d 
70 °  Í  (Olset h an d Skartveit ,  1987b) .  Fro m thes e  table s  th e 
expecte d respons e  o f  non-linea r  radiation-drive n processe s  ca n 
be  estimated ,  an d Fig .  4  show s  example s  o f  wha t  ca n b e  rea d 
fro m th e  table s  fo r  on e  o f  th e  stations ,  namel y Lillehammer . 

Fig .  4 .  a )  Monthl y numbe r  o f  hour s  wit h su n abov e 
fre e  horizo n (total) ,  an d wit h hourl y irradianc e 
abov e  20 0 Wm"2 fo r  a n horizonta l  surfac e  (horizontal) , 
a  sun-trackin g surfac e  (tracker) .  an d vertica l  sur -
face s  headin g toward s  sout h (S9 0 )  ,  an d nort h (N90° ) 
fo r  Lillehamme r  (61.1°N ,  10.5°E) . 
b)  Monthl y globa l  irradiatio n (tota l  horizontal) ,  an d 
monthl y irradiatio n durin g hour s  wit h irradianc e 
abov e  20 0 Wm"2 fo r  th e  sam e  surface s  a s  i n  a ) . 
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Simila r  tables ,  givin g duratio n o f  dail y  illuminatio n (tota l 
an d diffuse )  upo n th e  horizonta l  an d 4  vertica l  surface s  fo r 
differen t  part s  o f  th e  day ,  hav e  als o bee n produce d (Skartvei t 
an d Olseth ,  1988) .  Fro m suc h table s  summation s  ca n giv e  th e 
illuminatio n statistic s  fo r  a  give n room/window-geometr y an d a 
give n lengt h o f  working-day ,  an d Fig .  5  give s  example s  o f  wha t 
ca n b e  rea d fro m th e  table s  fo r  Lillehamme r  i n  June . 

LILLEHAMMER - JUN E 

f , V- . CH f— . > 

8-10 10-12 12-14 14-16 8-10 10-12 12-14 14-16 
TIME (CE T + 1 hour ) TIME (CE T + 1 hour ) 

Fig .  5 .  Monthl y numbe r  o f  hour s  wit h a )  tota l  illumi -
nanc e  abov e  4 0 klux ,  an d b )  diffus e  illuminanc e  abov e 
2 0 klu x fo r  a n horizonta l  surfac e  (horizontal) ,  an d 
fo r  vertica l  surface s  facin g sout h (S90° )  ,  wes t 
(W90° )  ,  eas t  (E90° )  ,  an d nort h (N90° )  fo r  4  differen t 
two-hour s  interval s  durin g th e  working-da y fo r  Lille -
hamme r  i n  Jun e  (CE T +  1  hou r  i s  dayligh t  savin g tim e 
i n  Norway) . 
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DYNAMIC COUECIC R VDDELS FO R 1  H R TIM E STE P DERIVE D FROM 
MEASURED OUTDOOR DATA. 

Beng t  Perer s  an d Haka n Walletu n 
Studsvi k Energ y 
S-6118 2 Nykopin g 
Swede n 

ABSTRACT 

The  ai m o f  thi s  wor k i s  t o  determin e  effectiv e  models ,  fo r  sola r  collectors , 
tha t  ca n b e  use d i n  conventiona l  simulatio n programme s  wit h 1  hou r  tim e 
steps .  Th e  sam e  mode l  i s  use d bot h fo r  paramete r  identificatio n an d 
simulation .  Thi s  wil l  lea d t o  excellen t  accurac y whe n extrapolatin g result s 
t o  lon g ter m performance .  Th e  metho d ca n als o b e  use d fo r  i n  sit u  testing . 
Tes t  period s  o f  les s  tha n on e  wee k ca n b e  sufficient . 

KEYWORDS 

Collecto r  testing ;  Collecto r  modelling ;  Simulation ;  Multipl e  regression . 

INTRODUCTION 

Thi s  contributio n i s  a n extrac t  fro m a  ne w Studsvi k Repor t  (Perer s  e t  al. , 
1990 )  describin g improve d method s  fo r  simulation ,  measuremen t  an d 
evaluatio n o f  sola r  energ y systems .  Mos t  o f  thi s  wor k ha s  bee n finance d b y 
th e  Swedis h Counci l  fo r  Buildin g Research .  Th e  participatio n withi n IE A SH&C 
Tas k V I  an d II I  ha s  bee n ver y importan t  fo r  thi s  work . 

The  basi c  experimenta l  result s  fo r  thi s  modellin g wor k wa s  presente d i n  a 
repor t  (Perer s  1977 )  abou t  outdoo r  collecto r  testin g i n  th e  Swedis h climate . 
A tes t  ri g  wa s  buil t  accordin g t o  th e  NBS 89 9 tes t  standard .  T o achiev e 
reliabl e  result s  i n  ou r  climat e  i n  reasonabl e  tim e  a  rotatin g teststan d an d 
a  mode l  wit h correctio n fo r  therma l  capacitanc e  wa s  introduced . 

The  sam e  mode l  includin g incidenc e  angl e  correctio n wa s  use d fo r  o n lin e 
simulatio n o f  th e  collecto r  arra y fo r  th e  Studsvi k Sola r  Heatin g Centra l 
buil t  i n  197 8 wit h goo d result s  (Perer s  1980) .  Als o th e  storag e  hea t  losse s 
an d heatin g loa d wa s  simulate d directl y  i n  th e  measuremen t  computer .  Thi s 
turne d ou t  t o  b e  a  ver y usefu l  too l  fo r  checkin g o f  th e  syste m operatio n an d 
componen t  performance .  Ih e  agreemen t  wit h measure d dat a  wa s  ver y goo d durin g 
regula r  operation .  Sinc e  the n th e  sam e  typ e  o f  mode l  ha s  bee n use d wit h 
smal l  improvement s  i n  al l  o f  ou r  measuremen t  project s  whe n ther e  ar e  sola r 
collecto r  array s  i n  th e  system . 

19 9 
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Thi s  wa s  th e  startin g poin t  t o  searc h fo r  th e  invers e  method ,  t o  identif y 
model  parameter s  fro m measure d data .  Th e  paramete r  identificatio n presentl y 
use d i s  multipl e  regressio n an d ca n b e  don e  wit h  standar d statistica l 
prOgramme s  a s  ÌÃÍÐ¢Â .  Fo r  extrapolatio n t o  lon g ter m performanc e  an y 
detaile d simulatio n programm e  lik e  MINSUN,  WATSUN o r  TRNSYS ca n b e  use d tha t 
contai n th e  sam e  collecto r  mode l  tha t  i s  use d here . 

THE BASI C MDDEL FO R GIAZE D ODUJECTORS 

The  collecto r  arra y mode l  fo r  glaze d collector s  i s  a n improve d Hotte l 
Whillie r  Blis s  equation .  Fou r  term s  ar e  adde d fo r  Incidenc e  angl e  modifier s 
fo r  bea m an d diffus e  irradiation ,  secon d orde r  hea t  los s  ter m an d a  on e  nod e 
dynami c  term . 

The  basi c  mode l  use d fo r  simulatio n an d paramete r  identificatio n o f  th e 
collecto r  arra y outpu t  Q11 2 fo r  collector s  wit h glazin g i s  o f  th e  form : 

Q112 =  GlOO '̂iraJ K (̂è) +  GlOO^ 1 (ôá)Ê ÷áÜ -  F'UL^DT )  (1 ) 

-  F'UL^DT) 2 -  F'U w(DT) w -  mc^diyd t  -  U p(DT) 

Where : 
Q112 =  collecto r  arra y therma l  output .  [W/m 2 ] 
Gioa =  direc t  sola r  radiatio n coll .  plane .  [W/m 2 ] 
G10CK =  diffus e  sola r  radiatio n coll .  plane .  [W/m 2 ] 
F1 ( ô á ) = zer o los s  efficienc y fo r  th e  collector .  [- ] 
Ê ,  (è) = incidenc e  angl e  modifie r  fo r  direc t  rad .  [- ] 
Kr ,  =  incidenc e  angl e  modifie r  fo r  diffus e  rad .  [- ] 
è ô =  incidenc e  angl e  fo r  direc t  rad .  [ eC] 
F'UL .  =  firs t  orde r  hea t  los s  factor .  [W/  (m 2 *K )  ] 
F'UL I  =  secon d orde r  hea t  los s  factor .  [W/Cm 2 *I ?  )  ] 
F' U =  win d dependenc e  i n  th e  hea t  los s  facto r  [Ws/(m3*K) j 
w w =  windspee d nea r  th e  collecto r  [fly's ] 
DT =  temperatur e  differenc e  betwee n flui d mea n 

temperatur e  an d ambient .  [K ] 
mc  =  Effectiv e  on e  nod e  therma l  capacitanc e 

e fo r  th e  coll .  arra y incl.piping .  [J/(vtf*K)] 

dTVdt  =  averag e  flui d temperatur e  chang e  betwee n 
tw o measuremen t  scans .  [K/s ] 

U =  Hea t  los s  facto r  fo r  pipin g i n  th e  arra y 
p pe r  m 2 o f  collecto r  aperture .  [W/im 2*^ ] 

Presentl y  th e  incidenc e  angl e  modifie r  K r a b( e )  i s  modele d wit h th e  standar d 
b Q expression : 

Kr a b ( 6) = l - * > o * ( V c o e ( e ," 1) ( 2) 

Thi s  equatio n i s  acceptabl e  fo r  glaze d collector s  fo r  incidenc e  angle s  u p t o 
70° .  Fo r  highe r  angle s  an d othe r  collecto r  design s  improve d model s  ar e 
require d t o  achiev e  th e  bes t  accuracy .  Th e  accurac y o f  thi s  mode l  als o 
influence s  th e  value s  o f  th e  othe r  parameter s  i n  th e  equatio n especiall y 
when usin g al l  da y values . 
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PARAMETER ID0ttTFICATIQ N WIT H MULTIPL E REGRESSIO N 

Thi s  kin d o f  paramete r  identificatio n fo r  sola r  energ y application s  ha s  bee n 
described ,  fo r  example ,  b y (Procto r  1984) .  H e  focuse d o n efficienc y testin g 
unde r  g t ^ t i i m n a T y condition s  an d di d no t  involv e  modellin g o f  th e  incidenc e 
angle ,  o r  therma l  capacitanc e  effects . 

Paramete r  identificatio n wit h multipl e  regressio n wa s  teste d fo r  th e  firs t 
tim e  i n  198 5 wit h i n  sit u  dat a  fro m th e  Scdertor n Sola r  Distric t  Heatin g 
Tes t  Plan t  wit h a  hig h performanc e  fla t  plat e  collecto r  givin g ver y 
promisin g result s  (Perer s  e t  al. ,  1987) .  Th e  optica l  parameter s  wer e 
especiall y  ver y wel l  determined ,  a s  wa s  th e  b Q value . 

The  metho d wa s  als o teste d fo r  a n unglaze d rubbe r  collector .  Th e  wind -
dependenc e  i n  th e  optica l  efficienc y an d th e  increas e  i n  th e  optica l 
efficienc y whe n puttin g a  singl e  glazin g o n suc h a  collecto r  coul d b e 
explained .  (Bot h effect s  com e  fro m th e  lo w hea t  transfe r  rat e  i n  th e  rubbe r 
absorbe r  mat )  (Walletu n e t  al. ,  1986 )  an d (Perer s  1987) . 

When testin g th e  sam e  unglaze d collecto r  indoor s  i n  a  sola r  simulato r  a t  th e 
Nationa l  Testin g Institut e  i n  Bori s  w e  coul d identif y  unmeasure d longwav e 
radiatio n i n  th e  rang e  o f  50-10 0 W/m2 fro m th e  sola r  simulato r  b y thi s 
metho d (Perer s  1987) .  Th e  F 1 (ôá )  wa s  to o high .  Bu t  whe n allowin g a  zer o 
offse t  i n  th e  equatio n th e  parameter s  wer e  comparabl e  t o  th e  outdoo r 
results .  Whe n checkin g th e  wavelengt h rang e  fo r  th e  pyrancmete r  an d 
pyrgeomete r  use d ther e  wa s  a  ga p betwee n 2. 5 an d 4  ì÷á  wher e  th e  ho t  lamp s  o f 
th e  simulato r  coul d radiat e  enoug h energ y t o  explai n th e  offset . 

Sinc e  the n thi s  metho d ha s  bee n use d wit h goo d result s  fo r  th e  modellin g o f 
othe r  prototyp e  collector s  teste d a t  th e  Studsvi k Sola r  Tes t  Field ,  leadin g 
t o  a  bette r  understandin g o f  th e  energ y flow s  i n  th e  collectors .  Thi s  i s 
importan t  fo r  furthe r  collecto r  development . 

We  ar e  stil l  i n  th e  proces s  o f  improvin g th e  us e  o f  thi s  too l  a s  a  mean s  fo r 
precis e  collecto r  modellin g wit h a  hig h degre e  o f  absolut e  accurac y i n  eac h 
parameter . 

TEST REQUIREMENTS 

The  metho d doe s  no t  T n e g m i ne an y extr a  sensor s  compare d t o  standar d outdoo r 
collecto r  testin g bu t  th e  orientatio n o f  th e  sola r  sensor s  paralle l  t o  th e 
collecto r  plan e  an d placin g an d radiatio n shieldin g o f  th e  ambien t 
temperatur e  senso r  become s  extr a  importan t  wit h thi s  method . 

The  tes t  installatio n need s  n o specia l  contro l  equipmen t  an d als o i n  sit u 
dat a  ca n b e  used .  Th e  onl y extr a  tes t  requiremen t  i s  tha t  th e  collecto r  flo w 
ha s  t o  b e  continuou s  fo r  al l  hour s  tha t  ar e  used ,  s o tha t  th e  inle t  an d 
outle t  temperatures  reflec t  th e  interna l  stat e  o f  th e  collector . 

I n  cas e  o f  th e  Studsvi k Sola r  Tes t  Fiel d th e  pump s  i n  th e  collecto r  loop s 
ar e  runnin g 2 4 hour s  s o tha t  al l  da y value s  ca n b e  used .  Thi s  increase s  th e 
variatio n rang e  fo r  th e  inpu t  parameter s  an d give s  a  bette r  basi s  fo r  th e 
regressio n analysi s  i n  a  shorte r  time . 

I t  shoul d als o b e  pointe d ou t  tha t  th e  hour s  use d fo r  paramete r 
identificatio n doe s  no t  hav e  t o  b e  i n  sequence .  Therefor e  day s  wit h dat a 
gap s  ca n b e  use d withou t  problem . 
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RESULTS 

Tabl e  1  show s  th e  mode l  parameter s  fo r  eac h mont h fro m Apri l  t o  Septembe r 
durin g 1989 .  Th e  inpu t  dat a  ar e  6 5 h r  period s  fro m longter m measurement s  a t 
th e  Studsvi k Sola r  Tes t  field .  Th e  period s  ar e  chose n randomly ,  excep t  fo r 
Augus t  wher e  th e  shado w ban d wa s  no t  adjuste d fo r  th e  firs t  perio d chosen . 
Al l  hour s  ar e  use d fro m sunris e  t o  sunse t  an d fo r  som e  period s  als o som e 
dar k hours . 

The  collecto r  i s  a n 1 1 m 2 Lon g Groun d Base d Fla t  Plat e  Collecto r  (LGB) , 
doubl e  glaze d wit h Solate x glas s  an d on e  teflo n layer ,  Sunstri p  absorbe r  an d 
50 mm polyurethan e  backinsulation .  Th e  expecte d parameter s  ar e 
0.75/0.15/0.68/3.5/1000 0 approximatel y fo r  thi s  design . 

Tabl e  1 .  Mode l  Parameter s  fro m Multipl e  Regression . 

MONIH 

[No ] 

F1 (ôá ) 

[- ] 

b0 F ,< T a> KT o d F , UL 

[" ]  [- ]  [W/irfK ] 

mc 
e 

[  J/m 2 K ] 

STDEV 

[W/m2] 

R2 

[- ] 

4 0.73 9 -0.13 7 0.65 2 -3.18 1 -865 4 8.2 3 0.99 8 
5 0.75 6 -0.12 5 0.71 2 -3,62 5 -1209 5 11.6 0 0.99 7 
6 0.76 3 -0.19 6 0.73 8 -3.57 2 -971 3 12.6 0 0.99 6 
7 0.77 7 -0.14 6 0.74 2 -3.90 9 -930 4 11.8 2 0.99 6 
8 0.74 6 -0.12 3 0.66 0 -3.22 5 -944 6 12.2 9 0.99 4 
9 0.74 3 -0.13 0 0.67 1 -3.16 8 -898 6 8.9 5 0.99 8 

Ther e  i s  a  systemati c  seasona l  variatio n givin g highe r  optica l  an d therma l 
los s  parameter s  i n  th e  summer .  Bette r  modellin g o f  th e  incidenc e  angl e 
effect s  wil l  lea d t o  mor e  stabl e  result s  durin g th e  year .  B y choosin g onl y 
hour s  betwee n 6.0 0 an d 18.0 0 th e  variatio n i s  reduced . 

Als o th e  modellin g o f  th e  hea t  losse s  ca n b e  improve d wit h term s  fo r  secon d 
orde r  hea t  losse s  an d win d spee d dependence .  I n  thi s  cas e  th e  win d 
coefficien t  F' U wa s  nea r  expecte d value s  ( «  0.2 5 Ws/(m3*K) )  bu t  th e 
standar d deviatio n wa s  i n  th e  sam e  rang e  a s  th e  paramete r  an d wa s  lef t  ou t 
i n  th e  model .  Preliminar y investigation s  sho w tha t  th e  locatio n o f  th e 
ambien t  temperatur e  senso r  i s  ver y critica l  fo r  th e  determinatio n o f  thes e 
secon d o r  thir d orde r  terms .  Ne w dat a  wit h severa l  ambien t  temperatur e 
sensor s  wil l  sho w ho w larg e  th e  influenc e  ca n be . 

I t  shoul d als o b e  pointe d ou t  tha t  non e  o f  th e  6 5 h r  period s  use d hav e  bee n 
chose n t o  hav e  som e  specia l  kin d o f  weather .  A  systemati c  selectio n o f  inpu t 
dat a  wil l  certainl y improv e  th e  reproducibilit y  i n  th e  method .  O f  cours e 
als o rea l  variation s  i n  outdoo r  collecto r  performanc e  ma y hav e  som e 
influenc e  a s  ai r  infiltration ,  dus t  an d de w o n th e  glazin g an d interna l 
moistur e  effects .  N o correctio n o r  sortin g o f  dat a  ha s  bee n don e  t o  reduc e 
thes e  effect s  i n  thi s  case . 

I n  figur e  1  an d 2  w e  ca n se e  ho w wel l  th e  mode l  fit s  th e  measure d dat a  fo r 
two period s  i n  Apri l  an d September .  Thi s  kin d o f  fi t  ca n probabl y b e 
achieve d wit h man y othe r  fiv e  paramete r  models ,  bu t  i n  thi s  cas e  th e 
stationar y par t  o f  th e  mode l  correspond s  closel y t o  th e  model s  use d fo r 
collecto r  testin g an d fo r  simulatio n programmes .  Ihi s  make s  th e  result s  muc h 
more  interestin g an d th e  dynami c  effect s  hav e  bee n take n int o accoun t  i n  a 
ver y simpl e  on e  nod e  mode l  tha t  coul d b e  use d als o i n  simulatio n programme s 
wit h on e  hou r  tim e  steps . 
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TII1E [DAY NR ] 

• MEASURE D + REGR.MOOE L Ï  NSOL . 

Fi g  2  Measure d collecto r  outpu t  Apri l  4- 9 compare d t o  mode l 
resul t  wit h parameter s  fro m multipl e  regression .  Fo r  compariso n 
th e  globa l  insolatio n i n  th e  collecto r  plan e  i s  als o shown . 

MO0ELL TEST : FLAT PLATE, SEP T 1 - 4 198 9 
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TIME [DAY NR ] 

• MEASURE D + REGR.MODE L Ï  NSO L 

Fi g 2  Measure d collecto r  outpu t  Septembe r  1- 4 compare d t o  mode l 
resul t  wit h parameter s  fro m multipl e  regression .  Fo r  compariso n 
th e  globa l  insolatio n i n  th e  collecto r  plan e  i s  als o shown . 
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As  a n indicatio n o f  th e  validit y  an d accurac y o f  th e  mode l  th e  correlatio n 
coefficien t  an d standar d deviatio n ar e  give n i n  tabl e  1 .  Th e  standar d 
deviatio n correspond s  t o  a n averag e  erro r  o f  les s  tha n 5 % compare d t o  th e 
measure d results .  Thi s  i s  i n  th e  rang e  o f  th e  measuremen t  accurac y i n  thi s 
case .  Fo r  exampl e  th e  cosin e  respons e  o f  th e  pyrancmeter s  wil l  sho w u p here , 
an d th e  accurac y o f  th e  diffus e  radiatio n measurements .  Thes e  secon d o r 
thir d orde r  effect s  hav e  t o  b e  investigate d further . 

The  correlatio n coefficien t  i s  bette r  tha n 0.9 9 indicatin g tha t  th e  mode l  i s 
statisticall y  acceptable .  Th e  standar d deviatio n o f  th e  individua l 
parameter s  als o show s  tha t  the y ar e  significant .  Fo r  example ,  th e  zer o los s 
coefficien t  fo r  direc t  radiatio n ha s  typicall y  a  standar d deviatio n o f  les s 
tha n 2 % (T-rati o  greate r  tha n 50) .  Als o th e  dynami c  facto r  ha s  a  standar d 
deviatio n o f  les s  tha n 10 % o f  th e  actua l  valu e  (T-rati o  greate r  tha n 10) . 

CONCLUSIONS 

At  presen t  th e  mode l  ca n describ e  th e  hourl y collecto r  performanc e  ver y wel l 
fo r  th e  whol e  day ,  no t  onl y fo r  th e  operatin g time . 

The  mode l  use d i s  physicall y  soun d an d i n  mos t  part s  identica l  wit h existin g 
detaile d model s  fo r  instantaneou s  collecto r  performanc e  describe d i n 
standar d textbook s  a s  (Duffi e  e t  al. ,  1980) . 

The  mode l  ca n b e  use d directl y  i n  mos t  detaile d simulatio n programmes . 
The  therma l  capacitanc e  effect s  ca n b e  take n int o accoun t  accuratel y wit h a 
simpl e  on e  nod e  mode l  fo r  1  h r  tim e  steps . 

REFERENCES 

PERERS,  Â. ,  I .  HULUMARK (1977) .  Bestamnin g a v mcmenta n verkningsra d fo r  tv a 
plan a  solfangare .  (Measuremen t  o f  instantaneou s  efficienc y fo r  tw o fla t 
plat e  collectors) .  Univ .  o f  Linkoping ,  Sweden ,  IFM-IKP-IFM-EX-6 6 

PERERS,  Â. ,  B .  KARLSSON an d H .  WALLEIUN (1989) .  Simulatio n an d Evaluatio n 
Method s  fo r  sola r  energ y systems .  Applicatio n t o  ne w collecto r  designs . 
Studsvi k AB,  Sweden .  (STUDSVTK/ED-90/4 ) 

PERERS,  B.,R ,  ROSEEN (1980 ) 
Solvarmecentrale n i  Studsvik ,  Resulta t  1980 .  (Sola r  Heatin g Centra l  i n 
Studsvik ,  Progres s  repor t  1980 .  Studsvi k AB,  Sweden .  (STUDSVTĴ /El-80/141) . 
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ECONOMICA L PROSPECT S FO R SWEDIS H SOLA R SPAC E 
HEATIN G SYSTEM S WIT H SEASONA L STORAG E 
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ABSTRAC T 

In Swede n ther e ha s bee n comprehensiv e R & D wor k concernin g large -
scale solar  heatin g technolog y since th e middl e of th e 1970's . Severa l plant s 
with seasona l storag e hav e bee n buil t an d evaluate d extensively , an d at 
presen t plant s t o b e Built in th e 1990' s ar e bein g considered . 

Th e presen t developmen t is concentrate d on system s in which high perfor -
manc e flat plat e collector s produc e hea t at 50-100°C for  spac e heatin g an d 
domesti c ho t wate r  purposes . Toda y th e system design is ver y simpl e com -
pare d to earlie r  examples . 

Fo r  wate r  hea t storage , th e most promisin g field seem s t o b e undergroun d 
technologies . Suitabl e construction s ar e thermall y insulate d pit s for  volume s 
abov e 10,000 m 3 an d uninsulate d roc k cavern s abov e 100,000 m 3. New pi t 
construction s ar e unde r  developmen t in prototyp e plants . Her e differen t 
shee t meta l application s for  wate r  sealin g ar e bein g investigated . Roc k 
caver n constructio n is an establishe d technology . On e exampl e is th e 
Kungal v plan t planne d for  th e 1990's . Here . 75%  solar  hea t t o cover  th e 
demand s of a smal l town require s 125,000 n v of collector s an d 400,000 m 3 

of roc k caverns . 

Th e economica l prospect s ar e ver y interestin g for  th e 1990's . Solar  hea t 
cost s in th e orde r  of US$ 0.04-0.07/kW h ar e predicte d in Sweden an d signif -
icantl y lower  costs ar e possibl e in othe r  countries . 

KEYWORD S 

Residentia l solar  heating ; seasona l storage ; system design ; hea t costs . 
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INTRODUCTIO N 

This pape r  briefl y describe s the Swedish technolog y and economy for 
centra l solar  heatin g plant s with seasona l storag e in water . Th e descriptio n 
is concentrate d on pur e solar  heatin g system concepts . A pur e solar  heatin g 
system with seasona l hea t stor e is one in which solar  collector s produc e hea t 
at a sufficientl y high temperatur e to allow it to be used directl y or  after  stor -
age for  spac e heatin g and domesti c hot water  purposes . In this contex t no 
upgradin g throug h use of, for  instance , heat pump s should be necessary . 

The main featur e tha t must therefor e be require d of a pur e solar  heatin g 
system with seasona l hea t storag e is tha t it must be possibl e to stor e and 
abstrac t hea t at a high, directl y usabl e temperatur e level, i.e. 50-90°C. In 
these respects , ther e is still limited expenenc e from the use of natura l 
groun d hea t store s while from a  genera l poin t of view hea t storag e in water 
can be regarde d almos t as establishe d technology . Thi s applie s to above-
groun d technolog y (e.g. tanks ) while in-groun d technolog y (e.g. pits ) is still 
unde r  development . 

Since the middl e of the 1970*5 ther e has been a significan t progres s in the 
Swedish developmen t of large-scal e solar  heatin g technology . An interestin g 
field of applicatio n is the far  developed Swedish grou p and distric t heatin g 
technology . 

SYSTEM DESIG N AND PERFORMANC E 

Durin g th e last decad e severa l plant s with seasona l hea t storag e have been 
buil t in Sweden for  experimenta l purposes . Based on the experience s 
obtaine d from  these plants , feasible systems should be designed accordin g to 
the principl e shown in Fig. 1. 

A very simpl e system design has been achieved which gives operatio n secur -
ity as well as low cost possibilities . The design incorporate s separat e heat 
charg e and discharg e circuit s connecte d to the store . Th e solar  collector s 
feed the stor e on two alternativ e levels. Th e collector  as well as the charg e 
circui t is designed for  a low, constan t flow rat e correspondin g to a maximu m 
temperatur e rais e in the orde r  of 3(M0°C . Th e uppe r  inlet is used for  tem -
perature s above 80°C else the lower  inlet is usea . Similarly , hea t for  the 
load is draw n from  two alternativ e levels, and use is mad e of the tempera -
tur e stratificatio n in the water  volume with a minimu m of complications . An 
auxiliar y boiler  is used when the stor e temperatur e is insufficien t for  the 
load . Th e plan t should be rate d to provid e maximu m 70-80%  solar  heat 
coverag e of the annua l hea t load . 

Concernin g the choice of a suitabl e type of solar  collector  experience s have 
been gaine d throug h Swedish development s in large-scal e solar  heatin g 
technolog y since the 1970*5. Rapi d development s in the field of high per -
formanc e flat plat e collector s have take n place . Therma l performanc e stan -
dard s have been improve d and collector  arra y costs have been lowered to a 
grea t extent . The result s have been achieved by a combinatio n of severa l 
factors . Th e are a of the panel s has been increase d tenfold . Pane l mounting s 
and connection s have been simplified and hea t losses from  pipin g and 
panel s have been reduced . 
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It appear s possibl e to design for  aroun d 360 kWh/m 2 of annua l therma l 
yield m Sweden if the mean operatin g temperatur e is 65-70 ° G 

Ã let  plate  high 

ßââö  cot  tec  tors 

Supplementary 

boitor 

lwJ| Heet  toad 

Heat  store 

rock  pity 

rock  ceverç 

Fig. 1. Feasibl e system principl e for  solar  heatin g plant s with 
seasona l hea t storag e in water . 

Th e arra y configuratio n is a larg e numbe r  of group s of collector s connecte d 
in parallel . Each grou p contains , in turn , abou t 10 collector s connecte d in 
series . A larg e 12 m 2 modula r  solar  collector  is used . It ha s single-glas s 
cover , a selective absorbe r  coatin g and a sheet of teflon plasti c betwee n th e 
glass and absorbe r  plat e in orde r  to minimiz e convection losses. 

For  hea t storag e in water  the most promisin g field toda y seen from  an 
economica l poin t of view seems to be undergroun d technology . Suitabl e 
construction s ar e thermall y insulate d pit s for  volumes abov e 10,000 m 3 and 
uninsulate d rock cavern s above 100,000 m 3. For  a solar  hea t coverag e of 
75%  a stor e volum e of 10,000 m 3 correspond s to a hea t load of abou t 
1300 MWh/yea r  and 100,000 m 3 to a hea t load of abou t 14,000 MWh/year . 

In Tabl e 1 the land are a and groun d volume requirement s for  thre e cases 
ar e presented . 

In th e first  exampl e the pit stor e is suppose d to be 10 m deep why the 
require d roof are a is abou t 1600 m 2. Her e only 13%  of the collector s can be 
place d and land are a must be found for  the majorit y of th e collectors . In 
Sweden , new pit construction s ar e unde r  developmen t in prototyp e plants . 
Th e researc h work is focused on water  sealing problem s and differen t sheet 
meta l application s ar e studie d with respec t to sealing propertie s as well as 
buildin g technology . 

Th e thir d exampl e is take n from a  prestud y for  a very big solar  heatin g plan t 
planne d to be in operatio n in the 1990's in the town of Kungal v in the west 
of Sweden . The design objectiv e is to meet 75%  of the hea t load which is 
56 GWh/yea r  by solar  heat . Th e tota l heat storag e capacit y deman d is 
23 GW h correspondin g to abou t 400,000 m 3 of water-fille d caverns . Th e 
suggested stor e configuratio n is a caver n volume horizontall y measurin g 
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154x110 m forme d by a numbe r  of cross-linke d caver n unit s havin g a widt h 
of 20 m an d a heigh t of 30 m. Th e to p level of th e caver n bod y is locate d 
40 m belo w th e groun d surfac e level. Th e buildin g technolog y for  roc k 
cavern s is ver y well know n from  th e field of crud e oilstorage . Since 5 year s 
a 100,000 m3 Swedish caver n plan t constructe d in a simila r  way is in opera -
tion for  seasona l storag e of hea t (th e Lyckeb o plant) . 

Tabl e 1. Example s of lan d are a an d groun d volum e require -
ment s for  cases with 75%  solar  hea t coverage . 

Typ e of 
hea t stor e 

Hea t 
load 
(MWh/year ) 

Stor e 
volum e 

Collecto r 
are a 
(m*) 

Land 1) 
are a 

Insulate d pi t 2,100 16,300 5,400 11,900 

Uninsulate d 14,100 100,000 32,700 71,900 
roc k caver n 

14,100 100,000 32,700 71,900 

Uninsulate d 56,300 400,000 126,000 280,000 
roc k caver n 

56,300 400,000 126,000 280,000 

i)For collector array. 

ECONOMIC S 

Unde r  thi s chapte r  solar  hea t costs at th e presen t technologica l stag e of 
developmen t an d at on e forecaste d stag e of developmen t for  th e end of th e 
1990' s ar e presented . All th e costs ar e expresse d in 1988 mone y value . 

In tabl e 2 specific costs toda y for  collectors , hea t store s an d interconnectin g 
pipin g plu s contro l equipmen t ar e given in thre e plan t cases . Th e plant s ar e 
sized in orde r  t o provid e a solar  hea t coverag e of /5% . Th e costs includ e th e 
labo r  cost for  design wor k whil e for  th e stor e cost s even costs for  initia l 
water-fillin g an d upheatin g ar e included . Th e case s ar e th e sam e as th e one s 
in Tabl e 1. 

Tabl e 2. Specific costs toda y for  collectors , hea t store s an d 
interconnectin g pipin g plu s contro l equipmen t 

Specific costs 
Typ e of Hea t Collector s Hea t Pipin g + 
hea t stor e load stor e contro l 

(MWh/year ) (USS/m* ) (US$/m3 ) (USS/m*)! ) 

Insulate d pi t 2,100 240 59 16 

Uninsulate d 14,100 225 25 16 
roc k caver n 

14,100 16 

Uninsulate d 56300 190 20 16 
roc k caver n 

56300 
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Tabl e 3. Solar  heat costs toda y and at one forecaste d stage of 
developmen t at the end of the 1990's. 

Type of Hea t Solar  hea t costs 
hea t stor e load 

Developed 
Developed collector s + 

Toda y collector s hea t store s 
(MWh/year ) (US$/kWh ) (US$AWh ) (US$/kWh ) 

Insulate d pit 2,100 0,118 0,077 0,066 

Uninsulate d 14,100 0,082 0,046 0,041 
rock caver n 

Uninsulate d 56300 0,069 0,041 0,038 
rock caver n 

For  hea t storag e in natura l groun d volumes very promisin g concept s ar e 
systems with vertica l ducts . Her e the developmen t is focused on construc -
tion method s for  coils in soft groun d and borehole s in rock . Forecaste d solar 
hea t costs durin g the next decad e ar e in the orde r  of US$ 0,045/kWh for 
coils in clay and US$ 0,055/kWh for  borehole s in rock for  hea t loads above 
10,000 MWh/year . 

Solar  hea t costs have been calculate d unde r  the following financia l condi -
tions : 

- Depreciatio n time 
- Collector s + pipin g + control : 20 year s 
- Hea t stor e 40 year s 

- Maintenanc e cost/yea r  (%  of the investment ) 
- Collector s + pipin g + control : 1% 
- Hea t stor e 0,5% 

Her e the solar  hea t cost is defined as the cost for  solar  hea t abstracte d from 
the hea t stor e and providin g 75%  of the annua l deman d for  the connecte d 
hea t load . In orde r  to obtai n the complet e hea t cost for  100%  deliver y the 
cost for  the supplementar y heat should be added . 

Th e solar  hea t costs toda y for  the thre e cases ar e presente d in Tabl e 3. Also 
presente d ar e the costs relate d to the forecaste d stage of developmen t at the 
end of the 1990*8 .  Her e the collector  arra y cost for  the pit-plan t is suppose d 
to be US$ 130/m 2 and for  the cavern-plant s US$ 115/m 2. Furthermor e the 
annua l therma l yield is suppose d to be 440 kWh/m 2 correspondin g to 40% 
annua l efficiency. In a second develope d alternative  even hea t stor e costs 
ar e suppose d to be lowered . Her e the hea t stor e costs ar e 30%  lower  tha n 
the ones given in Tabl e 2. 
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F U R T H E R R & D NEED S FO R SWEDIS H SOLA R HEATIN G 
TECHNOLOG Y 1990-1993 

AN EXPER T GROU P PLA N SPONSORE D BY TH E 
SWEDIS H COUNCI L FO R BUILDIN G RESEARC H 

ABSTRAC T 

In th e 1970' s whe n th e Swedish developmen t seriousl y started , experimenta l 
plant s wer e buil t with th e primar y aim of testin g variou s technologies . Th e 
economica l aspect s wer e of secondar y interes t which , in man y cases , 
resulte d in high costs an d even in poo r  quality . In th e second plan t genera -
tion durin g th e 1980's , R & D was concentrate d upo n lowerin g costs an d 
enhancin g performance s for  th e mos t promisin g system concepts . System s 
ar e include d her e for  DHW , an d for  combine d D H W an d spac e heatin g 
designe d for  solar  hea t coverage s betwee n 30%  an d 80%  of th e annua l hea t 
requirement . 

In th e name d plan , th e stat e of th e ar t an d th e R & D need s ar e describe d 
with th e focus upo n residentia l heating . Include d ar e system s for  multi -
famil y houses , incorporatin g roof-integrate d solar  collector s an d short-ter m 
hea t storage . Mor e develope d constructio n an d urba n plannin g method s for 
roo f integratio n is stresse d here , as well as system s flexible for  size expan -
sion , e.g. throug h connectio n to an externa l seasona l hea t storage . 

Also include d ar e distric t heatin g system s for  solar  hea t suppl y of up to a 
coupl e of hundre d flats . Groun d or  roo f base d collector s an d seasona l hea t 
storag e in water-fille d pit s or  duct s in dee p groun d ar e considere d here . 
Emphasi s is place d on mor e efficient high temperatur e flatplat e collectors , 
mor e simpl e pipin g system s an d furthe r  developmen t of hea t insulatio n an d 
water-sealin g method s for  pi t storag e as well as high temperatur e practica l 
test s for  duc t storage . 

KEYWORD S 

Residentia l solar  heating : stat e of art ; experimenta l buildin g need s 
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Chalmer s Universit y of Technolog y 
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INTRODUCTIO N 

It is now approximatel y 10 year s since th e solar  energ y technolog y starte d to 
b e seriousl y develope d in Sweden . Durin g th e 70's , experimenta l installa -
tion s wer e buil t mainl y for  testin g purpose s an d withou t an y significan t con -
sideratio n to cost which , in man y cases , was extremel y high , at th e sam e tim e 
as result s wer e poor . In line with result s produce d fro m thi s firs t generatio n 
installation , continue d developmen t effort s durin g th e 80' s ha s concentrate d 
on lowerin g cost s as well as improvin g performance s for  th e mos t promisin g 
type s of system s with regar d to possibl e competitiv e power  for  th e futur e 
Swedish heatin g market . Amon g thes e ar e partl y system s for  solar  heate d 
domesti c ho t wate r  in multi-famil y houses , partl y solar  heatin g system s even 
for  a mino r  par t of th e spac e heatin g load , as well as system s with seasona l 
hea t storag e which can cover  th e bul k of th e tota l annua l heatin g demand . 

Th e are a of responsibilit y of th e Swedish Counci l for  Buildin g Researc h 
(BFR ) - th e built-u p environmen t - consist s mainl y of spac e an d domesti c 
ho t wate r  heatin g bu t even bathin g facilitie s ar e included . BFR' s exper t 
plannin g grou p for  solar  heatin g technolog y consist s of som e 10 expert s wh o 
hav e compile d th e basi s for  th e BFR' s 3-year  R & D pla n for  1990-1993. 
Thi s basi c repor t will b e publishe d in th e summe r  of 1989. 

Solar  heatin g system s to hea t building s an d domesti c hot wate r  is usuall y 
divide d int o two groups , "individua l systems "  an d "grou p systems" . 
"Individua l systems "  usuall y mea n tha t th e solar  collector s ar e place d on th e 
roo f an d storag e is insid e th e buildin g an d used for  diurna l storag e of solar 
heat . By "grou p systems "  thi s often mean s tha t solar  collector s ar e place d on 
th e groun d an d tha t storag e is place d awa y fro m th e buildin g an d used 
eithe r  for  seasona l storag e or  diurna l storage . A grou p system can , however , 
also hav e solar  collector s place d on th e roof . A grou p system via an exten -
ded networ k is th e simples t way to mee t heatin g demand s which serv e 
severa l buildings , wherea s an individua l system for  on e or  two building s is 
bes t carrie d out via a mor e local network . Large r  grou p system s ar e some -
time s called "distric t heatin g systems "  bu t no distinc t or  well define d boun -
dar y exists . 

Th e three-yea r  pla n describe s th e developmen t situatio n an d th e back -
groun d for  th e Swedish solar  heatin g technolog y withi n th e mentione d area . 
Wit h regar d to individua l systems , thi s include s system s for  multi-famil y 
houses , single-famil y house s an d premise s such as hospitals . Wit h regar d to 
grou p systems , thi s mainl y include s smalle r  systems , such as thos e which 
provid e heatin g for  up to a few hundre d apartmen t units . 

EXPERIENCE S A N D CONTINUE D DEVELOPMEN T NEED S 

For  th e differen t applicatio n area s withi n Swedish activ e solar  heatin g tech -
nology, th e mai n experience s an d continue d developmen t need s ar e given 
below. Th e name d developmen t needs , in th e most cases , ar e strongl y 
connecte d to increase d field experimenta l buildin g activities . 
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Individua l system s for  multi-famil y houses : 

Experiences : 

Technically , relativel y well develope d solution s exist for  solar  heatin g 
installation s in privat e multi-famil y house s with roof-mounte d solar 
collector s an d diurna l storag e in water-fille d tanks . Practicall y develope d 
design method s exist for  system s which suppl y solar  heatin g for  building s 
with up t o one-thir d of th e annua l heatin g deman d 

Economically , system s which suppl y heatin g belo w a coverag e of 20%  ar e 
preferred . System s for  only domesti c ho t wate r  heatin g in newly buil t house s 
ar e th e mos t interesting . 

Developmen t needs : 

Mor e effective an d rationa l roof-mounte d high temperatur e solar 
collectors . 

Architectuall y suite d roof-mounte d collector s which fit int o newly 
buil t areas . 

Effectiv e combination s with supplementar y heatin g system s 

Method s for  expansio n of individua l system s to grou p system s 

Grou p systems; 

Experiences : 

Technicall y seen , well develope d principa l solution s exist for  larg e solar 
heatin g plant s with ground-assemble d solar  collector s an d diurna l or 
seasona l hea t storag e in water-fille d tanks , groun d pit s or  roc k caverns . 
Basi c develope d design method s exist for  system s with solar  heatin g of larg e 
group s of building s which cover  th e greate r  par t of th e annua l heatin g 
demands , or  only th e heatin g demand s durin g th e summe r  months . 

Ver y good technica l an d economica l developmen t possibilitie s ar e judge d to 
exist for  grou p system s of variou s sizes. 

Developmen t needs : 

Mor e effective an d rationall y manufacture d high temperatur e solar 
collector s 

Complet e system s with a ver y simplifie d pipin g connectio n 

Direc t groun d seasona l storag e of hea t with high temperatures . 

Hea t insulatio n an d water-sealin g method s with high durabilit y for 
pits . 
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Individua l System s for  single-famil y houses : 

Experiences : 

Technically , relativel y simpl e packag e solution s for  installation s in bot h new 
an d older  nouse s exist . Simila r  suppl y option s as in multi-famil y house s exist 
an d th e solar  hea t coverag e can , for  suitabl y utilize d smal l housin g systems , 
b e equall y as good as in multi-famil y houses . 

Fro m an economica l poin t of view, a relativel y stron g developmen t is 
neede d in orde r  t o mak e thes e system s competitive . An assessmen t is tha t 
system s installe d in a newly buil t house s ha s th e bes t developmen t possi -
bilities . 

Developmen t needs : 

Mor e effective an d simpl e integrate d system s for  newly buil t 
standar d house s 

SUGGESTIO N FO R SUBSTANTIA L CONTRIBUTIO N WITHI N 
EXPERIMENTA L BUILDIN G ACTIVITIE S 

Accordin g to thi s plan , in th e majorit y of th e solar  heatin g installation s it 
mos t interestin g to us e high temperatur e solar  collector s which ar e efficient 
at a temperatur e of betwee n 60 to 100°C . Such solar  collector s ar e assume d 
to b e incorporate d in all th e belo w mentione d cases . Ther e ar e application s 
wher e lower  or  highe r  temperatur e demand s can b e me t an d wher e othe r 
type s of solar  collector s can b e of interes t whe n cost an d performanc e ar e 
considere d jointly . Firstly , however , mor e extensiv e system-relate d studie s 
ar e neede d befor e experimenta l buildin g project s can be considered . 

Withi n th e grou p of experimenta l buildin g project s suitabl e for  quic k appli -
catio n ar e th e following specific examples : 

Grou p systems : 

Buildin g of two to thre e heatin g plant s in ne w buildin g area s with 
heatin g load s of approx . 1,500 - 2,000 MWh/yea r  which correspond s 
to approximatel y 200 - 300 apartment s in multi-famil y houses . On e 
of th e plant s shoul d hav e groun d hea t storag e in clay an d th e other , 
storag e in a water-fille d groun d pit . Th e pit shoul d be constructe d 
accordin g to th e principl e which is most suitabl e in th e on-goin g 
prototyp e investigations . Th e groun d hea t storag e shoul d eventuall y 
b e tested , partl y in connectio n to heatin g system s with ver y low tem -
peratur e demands , i.e. floor  heatin g system s or  via heatin g in cavit y 
walls , an d partl y in connectio n to mor e norma l low temperatur e 
systems , i.e. overdimensione d radiato r  systems . Coverag e by solar 
heatin g shoul d in all area s b e at leas t 60% . 

Buildin g of a plan t in a buildin g are a with a heatin g deman d of 
approx . 10,000 MWh/yea r  - which in a newly buil t are a correspond s 
to approx . 1,400 apartment s in multi-famil y houses . For  hea t storag e 



water-fille d roc k cavern s with temperature s of up to approx . 100°C 
shoul d b e used . Solar  heatin g coverag e shoul d b e at leas t 60% . An 
alternativ e is th e expansio n of th e alread y existin g Lyckeb o plan t 
which include s 100,000 m 3 of roc k caverns , wher e larg e groun d area s 
ar e available , with approx . 22,000 m 2 of solar  collectors . 

Individua l system s in multi-famil y house s 

Buildin g of two to thre e plant s in ne w buildin g area s which consis t of 
at leas t 100 apartments . Th e solar  heatin g system shoul d b e of a com -
bine d type , an d supplementar y heatin g shoul d b e provide d via local 
grou p distributio n network s wher e diurna l storag e can b e utilize d 
advantageou s for  al l heatin g supply . 

On e are a can b e provisionall y planne d for  successive expansio n of th e 
numbe r  of house s an d on e for  direc t expansio n bu t with a late r  connectio n 
to som e kin d of seasona l hea t storage . Th e thir d are a can b e planne d as a 
cros s betwee n th e othe r  two , bu t provisionall y differentiate d fro m the m with 
respec t t o som e importan t factor , i.e. numbe r  of storeys , degre e of exploita -
tion , etc . 

Th e degre e of solar  heatin g coverag e shoul d b e abou t 30%  in all areas . 

Individua l system s in single-famil y house s 

In som e standar d hous e areas , 10-20 house s shoul d b e equippe d with 
combine d system s or  domesti c ho t wate r  systems . A detaile d follow-
up of th e solar  heatin g result s an d heatin g load s shoul d continu e for 
th e next few years . 
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o f a g r i c u l t u r a l w a s t e s , 

K i n e t i c a l p a r a m e t e r s a r e d e t e r m i n e d a n d g a s f o r m a t i o n p r o c e s s 
i s o p t i m i z e d . 

KEYWORD S 

S o l a r  p y r o l y s i s ; s o l a r  g a s i f i c a t i o n ; s o l a r  g a s i f i e r . 

Th e p r o c e s s e s o f c o a l g a s i f i c a t i o n b y m e a n s o f s o l a r  p o w e r 
g i v e t h e p o s s i b i l i t y o f s a v i n g t h e o r g a n i c f u e l e m p l o y e d f o r 
s u p p o r t o f h e a t o f t h e f o r m a t i o n a n d s u p e r h e a t i n g o f v a p o r  r e -
a c t i o n s ( 4 0 5 6 }· 

Th e g i v e n p a p e r  i s d e v o t e d t o t h e p r o s p e c t i n g o f r e g i o n a l 
a v a i l a b l e r a w m a t e r i a l s i n s p e c i f i c c o n d i t i o n s o f A z e r b a i j a n , 
a n d i n c o n n e c t i o n w i t h t h i s t o t h e e s s e n t i a l w i d e n i n g o f a s -
s o r t m e n t o f t h e c a r b o n - c o n t a i n i n g m a t e r i a l s . Th e p a p e r  c o n -
c e r n s , a s w e l l , t h e p r o b l e m o f t r a n s f e r  f r o m t h e s t a n d a r d f u e l 
b y m e a n s o f u t i l i z a t i o n o f b i o m a s s i n t h e p r o c e s s o f g a s - f o r -
m a t i o n a t s o l a r  p o w e r  p l a n t ( v e g e t a l w a s t e o f a g r i c u l t u r a l 
p r o d u c t i o n - s t e m s o f c o t t o n , g r a p e a n d t o b a c c o ) , t h e w a s t e mak e 
u p t o 5 m i l l i o n t o n s p e r  y e a r  i n o u r  r e p u b l i c 

E x p e r i m e n t a l s t u d i e s s h o w e d t h a t h i g h - t e m p e r a t u r e s t e a m c o n -
v e r s i o n o f c e l l u l o s e o c c u r e d a s : 

C gH 70 2( 0 H ) 3 + 3 H 20 » CH 4 + 2G0 + 3 C 0 2 + 6 H 2 ( 1 ) 

CH 4 + C 0 2 - 2 0 0 + 2 H 2 

21 6 
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Objec t d e - Temperatur e i n t e r v a l , °G , o f O v e r a l l d e -
n o m i n a t i o n w e i g h t . . l o s s e s , %, p e r  com - c o m p o s i t i o n , 

b u s t i b l e mas s % 

Was te s 1 5 0 - 2 0 0 - 3 0 0 - 4 7 0 - 6 0 0 - 8 0 0 -
200 300 470 600 800 1000 

I Co t to n 4 32 17 14 4 2 81 

I I V in e 22 20 22 8 6 86 

I I I Tobacc o - 20 27 10 7 3 77 

D i f f e r e n t i a l t he rma l D i f f e r e n t i a l t he rmo -
a n a l y s i s , °C g r a v i m e t r i c a n a l y s i s , 

Endotherma l Exotherma l D e c o m p o s i t - Maximu m 
e f f e c t e f f e c t i o n s t a r t - t empe ra tu r e 

— i n g t emper - o f decompo -
I I I I I I ×  I I I I I a t u r e s i t i o n r a t e 

I 570 720 790 220 400 - 150 220 

I I 620 700 800 - 400 4 8 0 240 320 

I I I 570 730 790 - 400 - 240 300 

Th e a n a l y s i s o f Tab l e 1 show s t h a t v i n e s t em s underg o t h e 

No l i g n i n s e p a r a t i o n i s r e q u i r e d f o r  t h e hydroge n g e n e r a t i o n 
fro m v e g e t a t i v e w a s t e s b y s i m i l a r  r e a c t i o n , i . e . t h e b iomaa s 
ca n b e u s e d h e r e w i t h o u t p r e t r e a t m e n t ( P a u s h k i n e t a l . . 1986) 

V e g e t a t i v e w a s t e the rma l d e c o m p o s i t i o n s wer e s t u d i e d b y d e r i v -
a t o g r a p h i c an d chromatograph i c a n a l y s e s upo n h e a t i n g i n n i t r o -
gen a tmosphe re , an d g a s p r o d u c t i d e n t i f i c a t i o n t o e s t i m a t e t h e 
amoun t o f v o l a t i l e p r o d u c t s r e l e a s e d an d v a r i o u s s t a g e s o f 
the rma l d e c o m p o s i t i o n , t he rma l e f f e c t s , an d v a r i a t i o n s i n v e g -
e t a t i v e mas s w e i g h t . 

Th e s t a r t i n g m a t e r i a l s wer e v e g e t a t i v e w a s t e s o f t h e f o l l o w i n g 
c o m p o s i t i o n : 

Was te s 0 r H r N r S Q +H 

Tobacc o 4 6 . 0 6 . 3 0 . 5 6 

V i n e 4 6 . 9 6 . 6 1 . 0 0 . 2 6 

Co t to n 4 4 . 5 6 . 7 1 . 2 0 . 7 7 

Therma l c h a r a c t e r i s t i c s o f v e g e t a t i v e mas s d e c o m p o s i t i o n o b -
t a i n e d on t h e MOM d e r i v a t o g r a p h (Hungary ) a r e l i s t e d i n Tab -
l e 1 . 

Tab l e 1 . Therma l c h a r a c t e r i s t i c s o f v e g e t a t i v e 
mas s d e c o m p o s i t i o n 
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mos t  marke d therma l  decomposition ,  u p t o  86% ,  i n  2 0 t o  100 0 ° C 
temperatur e  range . 

Thu s  vegetativ e  wast e  util izatio n fo r  combustibl e  ga s  product -
io n i n  additio n t o  th e  considerabl e  economica l  an d ecologica l 
effec t  give s  rea l  prerequisi te s  fo r  th e  wasteles s  technology . 

To produc e  combustibl e  ga s  accordin g t o  th e  schem e  (1 )  o f  tem -
peratur e  decreas e  intensificatio n an d pric e  reductio n o f  ga s 
generatio n fro m vegetativ e  stoc k usin g sola r  energ y w e  employ -
e d i n  ou r  wor k sal t  mixture s  o f  alkal i  metal s  i n  th e  fol low -
in g combinations : 

KC1 +  K 20 0 3;  K 2S 0 4 +  N a 2G 0 3;  * 2 S 0 4 +  NaCl ;  K 2 S 0 4 +  N a 2S 0 4 

(Lan g e t  a l , ,  1 9 8 2 ) , 

When catalys t  mixture s  o f  6 weigh t  % wer e  use d fo r  stea m con -
version ,  averag e  combustibl e  ga s  yiel d increase d 1, 2 t o  1 . 5 -
fol d a s  compare d t o  th e  initia l  materia l  -  noncatalyze d soli d 
fue l . 

The proces s  kinetica l  characteristic s  wer e  calculate d fro m 

- k t n 

* / •  1  -  1  ,  T o determin e  reactio n rat e  constan t  k  an d r e -
actio n orde r  (n )  w e  employe d th e  least-square s  approximatio n 

- k t n 

s o  tha t  o L a  1  -  1  wa s  rewrit te n a s  y  »  a t  +  b  wher e 

y »  I n  ( 1  -  )  ;  a  «  n ;  b  »  I n  k ;  t  a  i n  t , 
a  an d b  regressio n factor s  wer e  determine d fro m th e  measure -
ment s  take n a t  m experimenta l  point s  ( m - ^ 2 ) ,  i,e .  b y def in -
in g a  an d b  fro m m  equation s  o f  y  »  a t  +  b  w e  ca n fin d th e 
conversio n degree .  , 

Th e  ^  =  f (  *Ã ) ;  v Q -  f  (  * U )  an d v Q •  f  (  J - c )  variat ion s 
wer e  compute d o n th e  E S 1033 ·  Calculatio n result s  ar e  give n 
i n  Tabl e  2 . 

I t  appear s  tha t  i n  thi s  cas e  th e  catalys t  particl e  penetratio n 
int o vin e  stem s  i s  o f  majo r  importanc e  an d result s  i n  th e  sur -
fac e  development ,  decreas e  o f  activatio n energy ,  an d acceler -
atio n o f  therma l  destruction . 

On th e  othe r  hand ,  experimenta l  studie s  hav e  reveale d tha t  ef -
ficien t  sola r  gasificatio n o f  vegetativ e  mas s  int o combustibl e 
hydrogen-containin g gase s  occur s  a t  lowe r  temperature s 
(  800°C )  wi t h subsequen t  magnificatio n o f  th e  sola r  gas i f i -
e r  reactio n volum e  an d productivit y  buildu p fo r  th e  sola r 
powe r  plan t  (Effendiev a  e t  a l , ,  1 9 8 9 ) , 

Th e  investigatio n o f  impurit y  element s  i n  waste s  an d th e  p ro -
duct s  o f  thei r  processin g i s  o f  interes t  sinc e  th e  par t  o f 
agricultura l  waste s  a s  potentia l  energ y carrier s  an d ava i l -
abl e  ra w materia l  i s  growin g i n  importance . 

We  use d quantitativ e  spectra l  analysi s  fo r  th e  determinatio n 
o f  sai d microelements .  Fo r  spectra l  analysis ,  as h residu e 
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Specime n ç Ê k Activat io n 
energ y E , 
kcal/mol e 

Vin e  ste m gas i -
f icatio n withou t 
catalys t 

K 2G 0 3 

1. 3 

1.3 2 

0.00 4 

0.01 2 

0.00007 4 

0.00021 3 

2 7 

19. 4 

KCI  +  K 2C O3 1.0 2 0.00 9 0.00062 6 2 1 . 5 

K2S O4 1.0 3 0.00 7 0.00031 5 24- 3 

K 2 S 0 4 +  N a 2S 0 4 1. 6 0.01 0 0.00023 0 22. 0 

K 2S 0 4 +  NaC l 1.1 3 0.00 8 0.00036 2 22. 1 

K 2S 0 4 +  N a 2C 0 3 1. 2 0.00 9 0.00134 0 2 1 . 5 

specimen s  wer e  prepare d bot h i n  stimulate d condition s  o n th e 
laborator y plan t  /I /  an d i n  natura l  condition s  /II /  o n th e  so -
la r  powe r  p lant .  Th e  DFS-8- 1 spectrograp h wa s  use d i n  th e 
analys is .  Th e  photo s  o f  th e  spectr a  o f  sample s  an d standar d 
specimen s  wer e  take n o n th e  use d i n  researc h photographi c 
plate s  o f  "spectrographi c  typ e  I "  wi t h 4  GOS T uni t  sensitivity . 

Th e  spectrogram s  obtaine d wer e  qualitativel y identifie d o n th e 
MBS 2  microscop e  an d S P 3  spectra l  projecto r  wi t h 20-fol d mag -
n i f ica t ion . 

Th e  result s  o f  microelemen t  compositio n analysi s  i n  vin e  stem s 
ar e  give n belo w fo r  I  an d I I  condit ions ,  i n  % i 
I .  M g ^ 1 % ;  P b -  0.0095 ;  C r  -  0.012 ;  T i  -  0.065 ;  S i  1 ;  M n -

0.075 ;  G a  -  0.07 ;  P e ^ 1 ;  H i  -  0 .0035; A l  ̂  1 ;  C a ^  1 ;  M o -
0.00035 ;  V  -  0.0010 ;  Ê  ^  1 ;  J  -  0.00095 ;  C u -  0.065 ;  Z r  -
0.0070 ;  Z n -  0.25 ;  A g -  0.000055 ;  N b -  0.0065 ;  N a  ^  1 ;  S r  -
0.095 ;  C o -  no t  detected ;  S n -  no t  detected ;  G e  -  no t  detect -
ed . 

II .  Mg^ > 1 ;  P b -  0.0035 ;  C r  -  0.0047 ;  T i  -  0.40 ;  S i ^ ~ 1 ;  M n -
0.078 ;  G a  -  0.0044 ;  F e - ^ 1 ;  H i  -  0.0025 ;  A l  ^  1 ;  C a  ̂  1 ;  M o -
0.00024 ;  V  -  0.0097 ;  Ê  ^ 1 ;  J  -  0.011 ;  C u -  0.060 ;  Z r  -
0.0058 ;  Z n -  0.030 ;  A g -  no t  detected ;  N b -  0.00016 ;  N a ^ 1 ; 
S r  -  0.035 ;  S c  -  0.0080 ;  C d -  no t  detected ;  S n -  0.0047 ;  G e  -
no t  detected ;  B a  -  0 .040 . 

Analysi s  o f  th e  result s  obtaine d i n  (I )  an d (II )  showe d tha t 

Tabl e  2 .  Kine t ica l  characteristi c  calculation s 
o f  vegetat iv e  mas s  sola r  gasificatio n 
i n  th e  presenc e  o f  K ^ G O y K2 S 04  o a" t a" " 
lyst s  an d thei r  mixture s  o f  th e  fo l -
lowin g content :  K C 1 + K 2C 0 3;  K 2S 0 4+ N a 2S 0 4; 

K2S 0 4+ N a C l ;  K 2S 0 4+ N 2C 0 3 
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hig h minera l  componen t  conten t  i n  as h residu e  determine s  th e 
efficienc y o f  it s  uti l izatio n bot h a s  plan t  growt h stimulato r 
an d a s  minera l  fer t i l izer .  Moreover ,  Ê  an d N a  presenc e  i n  as h 
residu e  o f  vin e  stem s  (th e  sam e  apparentl y  refer s  t o  cotto n 
an d tobacc o stems )  result s  i n  th e  capabilit y  t o  catalyticall y 
affec t  bot h sola r  pyrolysi s  an d sola r  gasificatio n promotin g 
therma l  destructio n rat e  an d combustibl e  ga s  yiel d increase s 
a t  lowere d temperatures . 

So ,  uti l izatio n o f  vegeta l  wast e  i n  condition s  o f  Azerbai ja n 
fo r  productio n o f  combustibl e  gase s  give s  no t  onl y consider -
abl e  economica l  an d ecologica l  effect s  bu t  create s  th e  rea l 
prerequisi te s  fo r  wasteles s  engineering . 
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DECREASE O F HYDROGEN CONTENTS DURIN G TH E PERIO D O F THRE E YEARS 

I N a-Si: H FILM S AND CHANGE I N EFFICIENC Y O F ITO /  p i n a-Si:H/A l 

SOLAR CEL L 

A.  Kolodzie j  an d S.Nowak ,  Institut e  o f  Electronics ,  Academ y 

of  Minin g an d Metallurgy ,  Al .  Mickiewicz a  30 ,  30-05 9 Krakow , 

Polan d 

A-Si: H film s  an d ITO/ p i  ç  a-Si:H/A l  Sola r  Cel l  hav e  bee n 

prepare d b y d c  magnetro n techniqu e  durin g o f  th e  simpl e  vacuu m 

process .  Th e  influenc e  o f  depositio n parameter s  o f  th e  proces s 

on electrica l  an d optica l  propertie s  o f  a-Si: H film s  wa s 

investigated .  Th e  infrare d vibrationa l  absorptio n spectr a  metho d 

was  use d t o  estimate d th e  tota l  hydroge n concentratio n and , 

particularly ,  t o  evaluat e  th e  Si- Ç t o  Si-H ^  bond s  relation .  Th e 

hydroge n conten t  i n  th e  fil m ove r  th e  perio d o f  thre e  year s  i s 

examined .  Th e  decreas e  i s  abou t  2 5 a t  %,  depend s  o n th e  Si- Ç t o 

Si-H ^  bond s  relatio n an d o n sampl e  environment .  Simultaneously , 

th e  efficienc y o f  th e  sola r  cell s  decreas e  fro m 6  % t o 4 % 

(mea n values) . 

1.  Introductio n 

The  applicatio n o f  hydrogenated  amorphou s  silico n (  a-Si: H ) 

starte d wit h realizatio n o f  sola r  cell s  i n  1976 .  Sinc e  then , 

othe r  possibilitie s  fo r  thi s  relativel y ne w semiconducto r 
1- 3 

material s  hav e  bee n foun d 

I n ou r  work ,  d c  magnetro n sputterin g wa s  use d t o  obtai n th e 

a-Si: H an d ITO/ p i  ç  a-Si:H/A l  structure .  Th e  depositio n 

system ,  th e  fil m preparatio n method ,  electrica l  an d optica l 

propertie s  wer e  describe d alread y i n  *  ^ . 

The  schem e  o f  ou r  presen t  syste m i s  show n i n Fig. l  an d Fig.2 . 

DC magnetro n techniqu e  wa s  severa l  practica l  advantages : 

1)  goo d contro l  o f  th e  hydroge n conten t  bot h i n  th e  chambe r  an d 

i n  th e  films ,  an d th e  Si- Ç t o  Si-H 2 bon d relation ,  a s  well ,  2 ) 

tigh t  contro l  o f  th e  substrat e  ove r  wid e  range ,  3 )  th e 
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possibilit y  o f  sputterin g composit e  targets ,  4 ) practically ,  th e 

avoidanc e  o f  toxi c  gases ,  5 )  th e  possibilit y  o f  a  hig h 

depositio n rate ,  6 )  lo w sputterin g voltag e  o f  les s  tha n 32 0 V , 

givin g a  limite d influenc e  o f  th e  energeti c  ion s  o n 

heterostructur e  an d hydroge n bond s  o f  th e  film . 

A duo-magnetro n syste m (  magnetro n plu s  a n additiona l  magne t 

on shiel d )  wa s  use d fo r  depositio n o f  th e  film ,  i n  orde r  t o 

obtai n mor e  homogeneou s  horizonta l  magneti c  field ,  an d 

consecutivel y greate r  erosio n are a  o f  th e  targe t  an d smalle r 

targe t  voltage .  Furthermore,  a  +3 0 V-biasin g o f  th e  inne r  scree n 

surroundin g th e  magnetron ,  an d tha t  o f  th e  oute r  shiel d improv e 

evacuatio n o f  therma l  electron s  fro m ionizatio n are a  whic h d o 

no t  hea t  create d films . 

I n  th e  paper ,  th e  thre e  yea r  ol d samples ,  store d i n  a  simpl e 

transparen t  bo x place d i n  a  roo m clos e  t o  a  window ,  ar e 

examined .  Onl y th e  flawles s  a-Si: H film s  o f  hydroge n conten t  i n 

th e  rang e  1 6 t o  2 1 a t  % wit h predetermine d optica l 

characteristic s  an d hydroge n bondin g mode s  wer e  considere d t o 

evaluate d tim e  induce d degradation .  Ther e  wer e  t o  reason s  o f  th e 

studies . 

First ,  th e  compariso n o f  th e  tim e  dependen t  change s  o f 

electrica l  an d optica l  propertie s  o f  th e  film s  an d th e  p i n 

structure s  versu s  decreasin g tota l  hydroge n content . 

Second ,  numerica l  calculation s  o f  th e  change s  o f  th e  Si- Ç t o 

Si-H g content s  rati o  an d thei r  individua l  degradatio n rate s  i n 

orde r  t o  optimiz e  technolog y o f  manufacturin g process . 

3.  Experimental . 

The  schem e  o f  experimenta l  apparatu s  fo r  obtainin g th e  a-Si: H 

film s  an d th e  p i n structure s  b y d c  magnetro n technique ,  durin g 

th e  singl e  vacuu m proces s  i s  show n i n Fig. l  an d Fig.2 .  Th e  bas e 

pressure ,  whic h i s  qualifyin g proces s  paramete r  determinin g th e 

fina l  qualit y  o f  th e  film s  amounte d t o  som e  5x1 0 Torrs . 

The  detaile d descriptio n o f  al l  possibl e  technologica l 

function s  an d procedure s  wil l  b e  give n i n  a  pape r  bein g prepare d 

fo r  publication . 
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The  growt h specie s  wer e  generate d b y a  d c  plana r  magnetro n 

sputterin g source s  fro m polycrystallin e  o f  10 0 mm diamete r  S i 

target .  Th e  additiona l  shiel d an d magne t  a t  +3 0 V  potentia l 

betwee n targe t  an d substrat e  wer e  used .  Durin g th e  deposition , 

biase d substrat e  a t  -10 0 V  potentia l  i s  oscillatin g 8  c m ove r 

th e  target .  We  ca n var y th e  horizonta l  magneti c  fiel d  fro m 50 0 

t o  150 0 G s  i n  orde r  t o  stabiliz e  th e  io n process . 

The  effectivenes s  o f  th e  hydrogenatio n proces s  measure d i n 

term s  o f  reductio n rat e  o f  defec t  ga p state s  i n  sputtere d layer s 

i s  largel y controlle d b y variou s  depositio n condition s  suc h a s 

th e  hydroge n partia l  pressur e  p „  ,  argo n partia l  pressur e  p A , 

substrat e  temperatur e  Ô  ,  inpu t  powe r  Ñ  an d substrat e  bia s  V D. S

Our  previou s  measurement s  sho w tha t  th e  bes t  film s  wer e 

obtaine d unde r  th e  condition s  liste d i n  Tabl e  I . 

Tabl e  I I  contain s  thei r  characteristi c  parameter s  an d change s 

afte r  3  years .  Th e  3 -  year s  ol d sample s  an d p i n structure s 

made  wit h standar d technolog y bu t  o n th e  bas e  o f  th e  "f "  an d "g " 

a-Si: H film s  i s  show n i n Fig.3 .  Th e  shee t  resistivit y  o f  IT O wa s 

30 Ù/á .  Th e  conversio n efficienc y wer e  6 % fo r  "f "  an d 5.5 % fo r 

g  · 

The  infrare d wibrationa l  absorptio n spectr a  wer e  measure d 
wit h a  Digita l  FTS-spectromete r  i n  400-400 0 cm" 1 range . c _ ç 

The  film s  wer e  deposite d ont o th e  polishe d A l  substrat e  . 

Othe r  electrica l  an d optica l  parameter s  wer e  measure d b y th e 

fiel d  effec t  transisto r  an d photocurren t  method s  2» 3» 5» 6» 8 

3.  Result s  an d discussion . 

As  a n exampl e  thre e  ol d spectr a  an d thre e  ne w spectr a  an d 

correspondin g value s  o f  hydroge n conten t  ar e  presente d i n 

Fig.2, 3 an d Tabl e  III ,  respectively.  The y sho w th e  evaluatio n o f 

th e  absorptio n spectr a  wit h variatio n o f  substrat e  temperature , 

substrat e  bia s  dissipate d powe r  an d tim e  i n  th e  wavenumbe r  rang e 

500-75 0 cm" 1 an d 1900-230 0 cm" 1. 

The  waggin g mod e  centere d o n 64 5 cm" 1,  64 1 cm - 1an d 63 8 cm" 1 

fo r  th e  curve s  c,f,g,c^,g^ ,  respectively ,  wa s  use d t o  determin e 
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tota l  amoun t  o f  bonde d hydroge n b y mean s  o f  th e  Pau l  an d 

Anderson' s  formul a  (1981 )  modifie d t o  H/S i  % ratio .  Th e 

determine d constan t  o f  proportionalit y  an d th e  densit y  o f  th e 
19 - 2 2 2 - 3 a-Si: H film s  wer e  abou t  1.5x1 0 c m an d 5x1 0 c m , 

respectively .  Th e  tim e  evolutio n o f  thes e  spectr a  indicat e  tha t 

i n  "g "  sample s  hydroge n conten t  decrease s  quicke r  tha n i n  "c " 

an d "f "  films .  Th e  integra l  absorptio n o f  th e  stretchin g mode s 

was  determine d afte r  deconvalutin g th e  absorptio n int o tw o 

Gaussian s  centere d aroun d marke d point s  i n  Fig. 3 wit h th e 

exceptio n o f  "g "  curv e  whic h showe d practicall y  onl y Si-H g 

bonds . 

Evaluate d rati o  Si-H g t o  Si- Ç bond s  i s  abou t  0. 9  fo r  sampl e 

"f "  an d change s  t o  0. 8  fo r  sampl e  "fg" * I t  indicate s  tha t  Si- H 

bond s  ar e  mor e  tim e  stabl e  tha n Si-H g bonds . 

The  othe r  result s  o f  calculation s  i n  th e  for m o f  th e  rati o  o f 

Si- Ç amoun t  a t  th e  beginnin g o f  th e  tes t  t o  tha t  afte r  3  year s 

show n i n Tabl e  III .  The y indicat e  als o tim e  dependenc e 

degradatio n o f  hydroge n bond s  an d additionall y  prefe r  th e 

sample s  whic h ar e  Si- Ç rich . 

The y ar e  importan t  fo r  optimizatio n o f  a-Si. H technolog y i n 

orde r  t o  obtai n th e  film s  wit h dominatio n o f  Si- Ç bonds .  I n  ou r 

case ,  onl y a  fe w well-define d sample s  hav e  bee n availabl e  an d 

thu s  onl y approximat e  determinatio n o f  tim e  degradatio n proces s 

was  possible . 

The  efficienc y o f  "f "  an d "g "  p i n structure s  i n  th e  tim e 

hav e  bee n decrease d t o  5  % an d 4  %,  respectively . 

An annealin g hav e  bee n give n bette r  propertie s  o f  th e  film s  an d 

structures .  I t  ma y b e  associat e  wit h creatio n o f  ne w Si- Ç bond s 

fro m involve d hydroge n i n  th e  degradatio n process .  Samples , 

whic h wer e  store d i n  th e  outsid e  wit h hig h leve l  o f  S O an d N O 
x x 

(environmen t  i n  Cracow )  hav e  bee n completel y degraded . 

4.  Conclusions . 

The  result s  o f  th e  investigatio n sho w tha t  th e  tim e 
dependence,  spontaneou s  degradatio n o f  th e  a-Si: H film s 
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(withou t  ligh t  an d therma l  shocks )  ma y b e  connecte d wit h 

stabilizatio n o f  variou s  bond s  fo r  Si- Ç an d Si-Hg .  Ou r  ide a  i s 

t o  produc e  th e  materia l  wit h th e  hydroge n conten t  18-2 0 a t  % an d 

prevailin g numbe r  o f  Si- Ç bonds ,  compare d t o  th e  numbe r  o f  Si-H g 

bonds .  However ,  w e  kno w tha t  i t  i s  onl y a  par t  o f  th e  proble m o f 

th e  degradatio n o f  th e  film .  Man y author s  discus s  broke n bon d 

stabilizatio n 

Reference s 

1.  Y.Hamakawa ,  (ed . ) ,  Amorphou s  Semiconducto r  Technologie s  an d 

Devices ,  JARECT ,  vol.1 6 (1984 ) 

2 .  J.D.Joannopoulos ,  G.Lucovsky ,  ( ed . ) ,  Th e  Physic s  o f 

Hydrogenate d Amorphou s  Silicon ,  vol .1 ,  Springer ,  Berli n  198 4 

3 .  A.Kolodziej ,  S.Nowak ,  Thi n Soli d  Films ,  vol .  17 5 ,37 ,  (1989 ) 

4 .  A.Kolodziej ,  Ô.Pisarkiewicz ,  Act a  Phys.Polonica ,  vol.A73,(1988 ) 

5 .  A.Kolodziej ,  AG H Press ,  Cracow ,  Poland ,  vol.7,3,(1988 )  36 1 

6.  A.Kolodziej ,  T.Pisarkiewicz ,  Act a  Phys.Polonica,vol.A7 5 (1989 ) 

7 .  W.Paul ,  D.Anderson ,  Sola r  Energ y Materials ,  vol5,(1981)22 9 

8 .  T.D .  Moustakas,Hydrogenate d Amorphou s  Silicon ,  Semiconductor s 

an d Seraimetals,ed.J.I.Pankove ,  NY,1984,vol.21 A 

9.  M.Pinabasi ,  N.Maley ,  N.A.Myers ,  J.R.Abelson ,  Thi n Soli d  Film s 

vol.171,(1989 ) 

10.J.Kakalios ,  R.A.Street ,  W.S.Jackson ,  Phys.Rev.Lett. ,  vol .59(9) , 

(1987)103 7 
11 .  D.E.Carlson ,  Appl.Phys.A .  vol.41(1986)30 5 



22 6 

TABLE I 

Depositio n parameter s  o f  a-Si: H film s 

Serie s  Ñ 
Ts  PH 2 PAr Ptota l VB 

(Wcm" 2)  (°C )  (% ) (%) (mTorr ) (V) 

c 6 25 0 5 0 50 10 -5 0 

f 3 25 0 5 0 50 10 -10 0 

g 3 30 0 5 0 50 10 -10 0 

h 3 >55 0 5 0 50 10 -10 0 

TABLE I I 

Characteristic s  o f th e  a-Si. H film s  an d thei r tim e  change s afte r  3 year s 

Serie s 
Hydroge n 
conten t 
Ç t o  S i 

Oxyge n Optica l 
conten t  ban d ga p 

0 t o  S i  (eV ) 

Densit y 
of  stat e 
(c m e V 

Dielectri c 
s  constan t 

Ì 

Light-to-d i 
conductivi l 
rati o  ó  ,/ ( ph 

(%) (%) 

c,c 3 19,1 5 2,  -  1.90 ,  - 4x l0 1 6, 8.5 , - i o 4. 5xl0 : 

f,f 3 21,1 7 2,  -  1.92,1.9 0 4x i0 1 6, 6 x l 0 16 8.5 , - i o 5, 5÷1è ' 

18,1 2 3,  -  1.80,1.7 2 8x l0 1 6, 8.0 , - i o 3. 10 2 

h,  - — >  — 8,  -  1.5 ,  - ~ > ~ — , — — 1 -
TABLE II I 

Result s  o f  calculatio n i n  th e  for m o f  th e  rati o  o f  bond s  amoun t 
a t  th e  beginin g o f  th e  tes t  t o  tha t  afte r  3  year s 

Rati o  o f  amoun t 
Serie s  hygroge n afte r 

3  year s  t o  hydro -
ge n a t  beginin g 

Rati o  o f  amoun t 
Si- Ç bond s  afte r 
3  year s  t o  Si- H 
bond s  a t  beginin g 

(%) 

Rati o  o f  amoun t 
Si-H 2 bond s  afte r 
3  year s  t o  Si- H 
bond s  a t  beginin g 

(%) 

c 3/ c 

f 3/ f 

g 3/ g 

78 

81 

61 

82 

85 

75 

78 

65 
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6 

1.  Schemati c  diagra m o f  magnetro n arrangemen t 

1-vie w o f  th e  chambe r  an d magnetro n an d vapo r  sources ,  2-shiel d 
wit h mask ,  3-oscilatin g sampl e  an d substrate ,  4-magnetron , 
5-heate r  o f  th e  substrate ,  6-drive r  o f  substrate ,  7-drive r  o f 
shield ,  8-vapo r  source ,  9-temperatur e  control ,  10-loa d window , 
11-magnets .  Possibl e  move s  an d supplie s  ar e  marke d a s  arrow s 
an d voltages ,  respectively. 
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Supll y 1 

Supll y 2 h 

-4 Supll y 3 k 

Supl l y k 

Supll y 5 

Centra l contro l 
compute r 

c 
Programmer ] 

Contro l I 

iContro l 2 • 

^Contro l 3 V 

Chambe r 

Pum p 

2.  Bloc k diagra m o f  tota l  magnetro n arrangement . 

Contro l  1 -  programabl e  pressur e  electroni c  uni t  wit h absolut e 
baratron ,  Contro l  2-fou r  channe l  mas s  flo w system ,  Contro l  3 -
vacuu m driver ,  Programme r  -flow/pressur e  displa y system , 
Suppl y 1 -  0-50 0 V  suppl y o f  magnetrons ,  Suppl y 2 -  10V.10 0 A 
suppl y o f  vapo r  sources ,  Suppl y 3 -  0-120 V suppl y heaters , 
Suppl y 4 -  0-2000 V o f  substrat e  (  polarizatio n an d io n clea -
ning) ,  Suppl y 5 -  0-100 V suppl y o f  shields . 
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2m m g las s  [ j* 

3000 A l n 20 3 ;S n 

100 A p +a-Si:H(B) f 

3000 A a-Si: H Uscm L̂Bcm ^ 
200 A n +a -S i :H(P ) \ 

5000 A At 1- 5 mm 

I 
I 

3.  Th e  schem e  o f  a-Si :H sola r  cel l  o f  ñ  i  ç  structure . 
2 

Are a  o f  th e  singl e  elemen t  i s  4 . 5 c m . 
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50 0 60 0 70 0 
l /Aicm" 1] 

4.  Infrare d absorptio n spectr a  fo r  films :  c,f,g, h  measure d thre e 

year s  ag o an d  c3»^3»^ 3 measure d a t  presen t  i n  th e  rang e 

500-75 0 c m Th e  fil m ar e  deposite d o n A l  substrate . 
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5.  Infrare d absorptio n spectr a  fo r  films :  c,f,g, h  measure d thre e 

year s  ag o an d  c3»^3»^ 3 measure d a t  presen t  i n  th e  rang e 

1900-230 0 cm -* .  Th e  fil m ar e  deposite d o n A l  substrate . 
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ABSTRACT 

Preliminar y feasibilit y  investigation s  fo r  th e  desig n o f 
sola r  ponds ,  whic h ar e  steadil y  recognise d a s  potentia l 
low-cos t  sola r  collector s  fo r  a  variet y  o f  applications , 
require s  firs t  orde r  steady-stat e  performanc e  predictions . 
Th e  presen t  wor k refer s  t o  th e  developmen t  o f  a  simpl e  an d 
powerfu l  microcompute r  model ,  suitabl e  fo r  th e  fundamenta l 
desig n o f  sola r  ponds . 

KEYWORDS 

Sola r  Ponds,Larg e  scal e  solar-therma l  conversion,Hea t  Storage . 

INTRODUCTION 

Among severa l  analytica l  model s  presente d i n  th e  literature , 
steady-stat e  analyse s  (Koo i  1979,Hawlade r  1980 ,  Wan g e t  a l 
1983) ,  offe r  th e  advantag e  o f  simplicit y  t o  deriv e  firs t  orde r 
performanc e  an d desig n optimisation ,  usin g limite d amoun t  o f 
simpl e  easil y  accessible ,  meteorologica l  data .  Th e  presen t  wor k 
refer s  t o  th e  developmen t  o f  a n advance d level ,  alternativ e  t o 
th e  alread y publishe d stead y state ,  microcompute r  model ,  whic h 
provide s  a  physica l  insigh t  int o th e  effect s  o f  paramete r 
variatio n i n  basi c  desig n o f  ponds . 

THE THEORETICA L MODEL 

Th e  fundamenta l  compute r  mode l  (Tsilingiri s  1988,b),refer s  t o  a 
larg e  pon d whic h consist s  o f  a  gradien t  zon e  (G .Z . ) ,  bounde d b y 
th e  uppe r  an d lowe r  convectin g zone s  (U.C.Z.an d L.C.Æ.respecti -
vely )  a t  th e  level s  o f  ÷  ,  ÷  an d ÷  measure d fro m th e  surface . 

2  1  3 
Hea t  transfe r  i n  G.Z .  i s  describe d by , 

232 
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ol ô <*> 
A b  I(x ) 

;  [  k  .  ]  -  =  0 (1 ) 

with , 

I(x )  =  a.r.I .  h(c.x )  +  (l-a).r.I .  h(c. x  )  . h  [c(2. x -x) ]  (2 ) 
3  3 

wher e  a  th e  botto m absorptivity ,  r  th e  reflectio n loss, c  facto r 
t o  accoun t  th e  actua l  pat h lengt h I  th e  tota l  averag e  sola r 
radiatio n an d h(x )  it s  fractio n reachin g a t  th e  dept h x ,  whic h 
thoug h ma y b e  eve n mor e  favorable ,  (Tsilingiri s  1988,c) ,  i t  i s 
assume d t o  follo w Rabl-Nielsen s  model . 

The  hea t  transfe r  i n  th e  soi l  i s  describe d b y th e  equation , 

oi T ( x) 

d x s  d x 

wher e  k  th e  therma l  conductivit y  an d subscript s  b  an d s  refe r 
t o  brin e  an d soi l  respectively .  Th e  firs t  boundar y conditio n o f 
th e  proble m i s  th e  hea t  balanc e  i n  th e  U.C.Z. , 

dT 

I.(l-r)[l-h( x )]+ k . 
1  b  d x 

=( h +  h  + h ).[T( x )- T ] 
x=x r  e  c  l a 

1 

(4 ) 

wher e  h  th e  radiativ e  hea t  transfe r  coefficien t  wit h th e  sk y 
r 

temperatur e  give n b y th e  expressio n (Ids o e t  al ,  1968 ) 

- 4  2  0.2 5 
Ô =  ( T +273).(l-0.261.exp(-7.79.1 0 . T )  -273 . 

s  a  a 
( 5 ) 

Evaporatio n an d convectio n hea t  transfe r  coefficient s  ar e  give n 
by ,  (I.H.V.A.E .  Guid e  1970 ,  an d Lund e  1979 ) 

h  =(9.15+7.76.V).( p -RH. p )/( T - T )  (6 ) 
e  s  s a  1  a 

an d h  =  4. 5 +2.9. V (7 ) 
c 

wher e  V, p , p  ,RH ,  Ô  , T win d velocity ,  saturate d wate r 
s  s a  l a 

pressure s  a t  surfac e  temperatur e  an d i n  th e  ambien t  air ,  rela -
tiv e  humidity,surfac e  an d ambien t  temperature s  respectively . 
The  secon d i s  th e  hea t  balanc e  i n  th e  L.C.Z. , 
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d T d T 

I.(l-r).h( x )  - q  -  k  . • 
2  e  b  d x 

+ k 
x= x s  d x 

2 

= 0 ( 8 ) 

wher e  th e  secon d ter m correspond s  t o  hea t  extractio n rat e  an d 
th e  thir d boundar y conditio n i s  th e  fixe d undergroun d wate r 
temperatur e  a t  a  fixe d dept h underneat h th e  botto m o f  th e  pond . 

Th e  brin e  an d soi l  ar e  subdivide d int o a  numbe r  o f  unifor m 
temperatur e  slab s  th e  hea t  balanc e  o f  eac h on e  o f  whic h i s 
translate d t o  it s  finit e  differenc e  for m an d th e  se t  o f  equati -
on s  ar e  solve d simultaneousl y b y th e  triangula r  factorisatio n 
metho d whil e  to p surfac e  temperatur e  i s  calculate d itterativel y 
b y a  conventiona l  microcomputer .  Selectio n o f  a n optimu m spac e 
mes h require s  numerica l  experiment . 

RESULTS AN D DISCUSSIO N 

Assumin g tha t  condition s  o f  stabilit y  an d boundar y migration , 
whic h hav e  als o bee n extensivel y considere d elsewer e  (Hul l  e t 

1 2 3  4  5  6 

GRADIEN T ZONE THICKNESS(m ) 

Fig.1.Calculate d hea t  collectio n efficienc y a s  a 
functio n o f  G.Æ.thicknes s  fo r  variou s  extra -
ctio n temprature s  an d U.C. Z thicknes s  o f  0. 2  m 

a l  1987 ,  Tsi l 
condition s  cor r 
averag e  tota l 
w/sq.m .  an d 18 . 
efficienc y a s  a 
fig. l  fo r  hea t 
a n U.C.Z .  thi c 
pon d t o  a n U.C . 
Optimu m hea t  c o 

ingiri s  1988,a )  ar e  fulfilled , 
espon d t o  a  sunn y mediterannea n 

sola r  insolatio n an d ambie n 
1 deg.C .  respectively )  derive d 

functio n o f  gradien t  zon e  thi c 
extractio n temperature s  fro m 4 0 
knes s  o f  0. 2  m .  Broke n line s  ( 1 
Z.  o f  0  an d 0. 5 m  respectivel y 
llectio n efficienc y (solid )  an d 

an d tha t  climati c 
countr y (yearl y 

t  temperatur e  18 0 
hea t  collectio n 

knes s  i s  show n i n 
t o  10 0 deg.C.fo r 

)  an d (2 )  corres -
a t  8 0 deg.C . 

G.Z .  thicknes s 
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(broke n lines )  a s  a  functio n o f  hea t  extractio n temperatur e  fo r 
a n U.C.Z .  thicknes s  o f  0  t o  0. 5  m  i s  show n i n fig.2 . 

AO 50 60 70 80 90 100 

HEAT E X T R A C T I O N TEMPERATURE(°C ) 

Fig. 2 Optimu m G.Z .  thicknes s  an d hea t  collectio n 
efficienc y a s  a  functio n o f  hea t  extractio n 
temper ,  wit h paramete r  th e  U.C.Z .  thickness . 

Upon a  furthe r  simplificatio n o f  th e  assumption s  made ,  i t  i s 
possibl e  t o  compar e  derive d result s  wit h thos e  b y Kooi' s  model . 
I n  fig. 3  a  clos e  agreemen t  betwee n th e  result s  (typicall y  3  % 

Fig. 3 Compariso n betwee n th e  presen t  simplifie d 
(solid )  an d Kooi s  mode l  (broke n l ines) . 
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discrepancies )  o f  th e  presen t  (soli d  line )  an d Kooi' s  mode l 
(broke n line )  ar e  show n a s  a  functio n o f  hea t  collectio n 
efficienc y fo r  a  G.Z .  thicknes s  o f  1, 2  an d 4  m . 

CONCLUSIONS. 

Sola r  pon d stead y stat e  analyse s  provid e  a  goo d firs t 
approximatio n t o  therma l  performanc e  an d offe r  a n efficien t 
metho d t o  desig n an d optimisin g sola r  pond s  unde r  give n 
meteorologica l  an d loca l  conditions . 

Owin g t o  th e  difficult y  o f  improvin g th e  assumption s  alread y 
mad e  i n  th e  publishe d analytica l  models ,  a n alternativ e 
numerica l  mode l  wa s  develope d fo r  investigatin g variou s 
effects ,  amon g whic h basi c  pon d geometr y soi l  condition s  an d 
an d optimu m desig n ar e  presente d here . 

Finally,comparison s  whic h wer e  possibl e  afte r  simplification s 
of  th e  presen t  mode l  hav e  show n ver y goo d agreemen t  wit h Kooi' s 
stead y stat e  model . 
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C E N T R AL S O L A R H E A T I N G P L A N T S W I T H S E A S O N AL S T O R A G E-
A S I T E S P E C I F I C F E A S I B I L I T Y S T U D Y FO R 8  L O C A T I O N S 

I N T H E F E D E R A L R E P U B L I C O F GERMANY 

R.  K u b l e r ,  L .  M a z z a r e l l a ,  N .  F i s c h ,  E .  H a h n e 

In s t i t u t  fu r  T h e r m o d y n a m i k un d W a r m e t e c h n i k ( ITW ) 
U n i v e r s i t a t  S t u t t g a r t 

P f a f f e n w a l d r i n g 6 ,  F R G - 7 0 0 0 S t u t t g a r t  8 0 

A B S T R A CT 

S i t e  s p e c i f i c  s t u d i e s  fo r  s o l a r  h e a t i n g p l a n t s  a r e  c a r r i e d ou t  i n  a  p r o j e c t 
" S o l a r  D i s t r i c t  H e a t i n g " .  L o n g - t e r m s t o r a g e  an d c o l l e c t o r  a r r a y s  fo r  th e 
h e a t i n g o f  h o u s i n g a r e a s  i n  t h e  FR G ar e  c o n s i d e r e d .  D u r i n g a  p r e - s t u d y 
p h a s e  s y s t e m s  a r e  e v a l u a t e d fo r  e i g h t  l o c a t i o n s ,  tw o o f  t h e s e  wil l  b e 
f u r t h e r  i n v e s t i g a t e d i n  t h e  d e s i g n p h a s e  s t a r t i n g i n  O c t o b e r  1 9 9 0 .  Th e 
p r o j e c t e d s o l a r  f r a c t i o n l i e s  i n  t h e  r a n g e  o f  6 0 t o  7 5 % o f  t h e  y e a r l y  hea t 
d e m a n d o f  t y p i c a l l y  2 0 0 r e s i d e n t i a l  h o u s e s  o r  3 0 0 f l a t s  (abou t  3 0 0 0 M W h / a ) . 
T h e  goa l  f o r  hea t  cos t  i s  b e l o w 0. 2 D M / k W h i n c l u d i n g d i s t r i b u t i o n s y s t e m 
an d s u p p l e m e n t  h e a t .  I n  t h i s  c o n t r i b u t i o n a n o v e r v i e w i s  g i v e n o n th e 
r e s u l t s  o f  t h e  p r e - s t u d i e s .  D e s i g n ,  d i m e n s i o n i n g a s  wel l  a s  a n e c o n o m i c 
a n a l y s i s  a r e  p r e s e n t e d i n  de t a i l  fo r  tw o o f  t h e  l o c a t i o n s . 

K E Y W O R DS 

S o l a r  h e a t i n g ,  s easona l  s t o r a g e ,  s o l a r  c o l l e c t o r s 

I N T R O D U C T I ON 

T h e  w o r k c a r r i e d ou t  u n d e r  t h e  T a s k VI I  "Cent ra l  S o l a r  H e a t i n g P l a n t s  w i t h 
Seasona l  S t o r a g e  ( C S H P S S ) "  o f  t h e  IE A S o l a r  H e a t i n g an d C o o l i n g P r o g r a m m e 
ha s  show n ( D a l e n b a c k 1 9 9 0 )  tha t  i t  i s  p o s s i b l e  t o  hea t  h o u s i n g a r e a s  w i t h a 
s o l a r  f r a c t i o n o f  6 0 -  8 0 %.  E x p e r i e n c e s  w i t h t h i s  t e c h n o l o g y i n  S w e d e n ha s 
d e m o n s t r a t e d ( D a l e n b a c k 1 9 8 8 )  t h a t ,  w i t h  t h e  p o t e n t i a l  p e r f o r m a n c e 
i m p r o v e m e n t  an d cos t  r e d u c t i o n fo r  s easona l  hea t  s t o r a g e s  an d h ig h 
e f f i c i e n t  f la t  p l a t e  c o l l e c t o r s ,  s o l a r  h e a t i n g ca n b e c o m e  c o m p e t i t i v e  w i t h 
c o n v e n t i o n a l  h e a t i n g t e c h n o l o g y w i t h i n a  fe w y e a r s .  Ow n w o r k o f  th e  a u t h o r s 
(Hahn e  1 9 8 9 )  i n  t h e  T a s k VI I  ha s  show n tha t  s i m i l a r  s y s t e m s  u n d e r  G e r m a n 
c o n d i t i o n s  cou l d d e l i v e r  hea t  fo r  l e s s  tha n 0. 2 D M / k W h t o r e s i d e n t i a l 
h o m e s .  T h i s  w o r k i s  no w c o n t i n u e d an d a p p l i e d t o  rea l  h o u s i n g a r e a s  i n  th e 
s tud y " S o l a r  D i s t r i c t  H e a t i n g " . 

T h e  p r o j e c t  i s  c a r r i e d ou t  i n  c l o s e  c o o p e r a t i o n w i t h C h a l m e r s  U n i v e r s i t y  o f 
T e c h n o l o g y ( G o t h e n b u r g ,  S w e d e n )  an d S t u d s v i k E n e r g y A B ( N y k o p i n g ,  S w e d e n ) . 
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A I MS O F T H E F E A S I B I L I T Y S T U D Y 

T h e  a i m o f  t h i s  s tud y i s  t o  i n v e s t i g a t e  t h e  t e c h n i c a l  an d e c o n o m i c 
f e a s i b i l i t y  o f  cen t ra l  s o l a r  h e a t i n g p l a n t s  a t  s p e c i f i c  s i t e s  i n  th e 
Federa l  R e p u b l i c  o f  G e r m a n y .  I n  t h e  p r e - s t u d y p h a s e  ( S e p t e m b e r  198 9 -
S e p t e m b e r  1 9 9 0 )  e i g h t  l o c a t i o n s  a r e  c o n s i d e r e d (se e  t a b l e  1 ) ,  th e  tw o m o s t 
s u i t a b l e  s y s t e m s  wil l  b e  p l a n n e d i n  de ta i l  d u r i n g th e  d e s i g n p h a s e  ( O c t o b e r 
199 0 -  J u n e  1 9 9 1 ) .  D u r i n g t h e  p r e - s t u d y p h a s e  th e  g e o l o g i c a l  c o n d i t i o n s  fo r 
t h e  hea t  s t o r a g e  an d th e  p o s s i b i l i t i e s  fo r  t h e  i n s t a l l a t i o n o f  c o l l e c t o r s 
a r e  i n v e s t i g a t e d .  T h e  e x p e c t e d therma l  p e r f o r m a n c e  o f  t h e  s y s t e m s  i s 
d e t e r m i n e d b y c o m p u t e r  s i m u l a t i o n w i t h t h e  p r o g r a m M I N S U N ( M a z z a r e l l a 
1 9 8 9 ) .  T h e  cos t  fo r  s t o r a g e  c o n s t r u c t i o n ,  c o l l e c t o r  a r r a y ,  hea t 
d i s t r i b u t i o n s y s t e m an d fo r  th e  a u x i l i a r y h e a t i n g a r e  e s t i m a t e d an d th e 
e x p e c t e d hea t  cos t  wi l l  b e  c a l c u l a t e d . 

D u r i n g t h e  s econ d p h a s e  a  d e t a i l e d s y s t e m d e s i g n i s  e l a b o r a t e d an d a  cal l 
fo r  t e n d e r s  i s  i s sue d fo r  th e  hea t  s t o r a g e ,  t h e  c o l l e c t o r  a r r a y an d th e 
hea t  d i s t r i b u t i o n s y s t e m t o r e s u l t  i n  a  r e a l i s t i c  co s t  b a s i s  fo r  th e 
c o n s t r u c t i o n o f  on e  o f  th e  s y s t e m s .  T h e  a i m i s  t o  show ,  tha t  w i t h a  5 0 % 
s u b s i d y o n t h e  i n v e s t m e n t  c o s t ,  a  f i r s t  p i l o t  p l an t  ca n b e  bu i l t  an d 
o p e r a t e d e c o n o m i c a l l y  c o m p e t i t i v e  w i t h c o n v e n t i o n a l  h e a t i n g s y s t e m s . 

D E S C R I T P I O N O F P R E - S T U D Y L O C A T I O N S 

D ue  t o  t h e  g r e a t  i n t e r e s t  i n  th e  s tud y f ro m c o m m u n e s  an d loca l  u t i l i t i e s 
th e  in i t ia l  n u m b e r  o f  4  o r  5  p r e - s t u d y l o c a t i o n s  ha s  bee n e x t e n d e d t o 
e i g h t .  T h e  l o c a t i o n s  a r e  al l  l i s t e d i n  t a b l e  1 .  T h e  r a d i a t i o n d a t a  i n 
t a b l e  1  a r e  t a k e n f ro m th e  r e s p e c t i v e  t e s t  r e f e r e n c e  y e a r s  w h i c h m i g h t 
d i f f e r  s l i g h t l y  f ro m th e  actua l  loca l  lon g t e r m a v e r a g e s .  T h e  annua l  hea t 
d e m a n d i n c l u d e s  d i s t r i b u t i o n l o s s e s . 

S i x ou t  o f  t h e  e igh t  h o u s i n g a r e a s  ( excep t  W o l f s b u r g an d R o t t w e i l )  ar e 
u n d e r  p l a n n i n g ,  i n  som e  c a s e s  th e  a v a i l a b l e  r o o f  a re a  an d th e  e x p e c t e d 
h e a t i n g e n e r g y d e m a n d ha d t o  b e  e s t i m a t e d .  Fo r  al l  s i x  p l a n n e d a r e a s  on l y 
r o o f  i n t e g r a t e d c o l l e c t o r s  o r  c o l l e c t o r s  o n f la t  r o o f s  ca n b e  c o n s i d e r e d 
d u e  t o  l i m i t e d g r o u n d a v a i l a b l e .  T h e  s o l a r  f r a c t i o n i s  i n  m o s t  c a s e s 
l i m i t e d t o  abou t  6 0 % d u e  t o  th e  a v a i l a b l e  r o o f  a r e a . 

Fo r  th e  c o n s t r u c t i o n o f  th e  hea t  s t o r a g e  ( cy l i nd r i ca l  p i t ,  p a r t l y  bu r i e d i n 
g r o u n d )  goo d c o n d i t i o n s  ca n b e  foun d a t  S t u t t g a r t ,  H a m b u r g ,  Ul m an d 
W o l f s b u r g w h i l e  a t  D u s s e l d o r f  (4- 5 m ) ,  O f f e n b u r g (2- 4 m )  an d L e u t k i r c h (1 -
2 m )  t h e  g r o u n d w a t e r  leve l  l i m i t s  t h e  d e p t h o f  t h e  s t o r a g e . 

At  Ro t twe i l  th e  hea t  s t o r a g e  shal l  b e  use d m a i n l y fo r  s u r p l u s  hea t  i n 
s u m m e r  f ro m a  p l a n n e d hea t  an d p o w e r  p l an t  f i re d w i t h w o o d ,  th e  so l a r 
f r a c t i o n t hu s  i s  o n l y abou t  1 1 %. 

T h e  p r e - s t u d i e s  fo r  H a m b u r g ,  R o t t w e i l ,  D u s s e l d o r f  an d O f f e n b u r g h a v e  bee n 
c o m p l e t e d ,  t h e  p o s s i b l e  c o l l e c t o r  a re a  l i e s  b e t w e e n 3 0 0 0 an d 6 7 2 0 m 2 an d 
th e  r e q u i r e d s t o r a g e  v o l u m e  r a n g e s  f ro m 4 ,00 0 t o  5 0 , 0 0 0 m 3.  Th e  l a rg e 
s t o r a g e  v o l u m e  i s  r e q u i r e d fo r  th e  s y s t e m a t  R o t t w e i l ,  w h e r e  m a i n l y s u r p l u s 
hea t  d u r i n g th e  s u m m e r  f ro m th e  hea t  an d p o w e r  p l an t  wil l  b e  s t o r e d .  A s  th e 
s y s t e m a t  Ro t twe i l  is t  no t  a  " c l a s s i c a l "  so l a r  h e a t i n g p l a n t ,  n o f u r t h e r 
i n v e s t i g a t i o n s  wi l l  b e  c a r r i e d ou t  fo r  t h i s  p a r t i c u l a r  s y s t e m u n d e r  t h i s 
p r o j e c t . 
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S i t e  N o .  o f  f l a t s  H e a t  d e m a n d Tota l  h o r i z o n t a l 
s o l a r  r a d i a t i o n 

M W h /a  k W h / m 2. a 

H a m b u r g 19 3 RH 3 , 2 4 4 9 7 7 
Ro t twe i l 1 ,23 0 RH 1 8 , 1 0 0 1,11 9 
D u s s e l d o r f 5 5 RH + 5 5 M FH 1,46 0 9 7 7 
O f f e n b u r g 7 5 RH + 17 5 M FH 2 ,40 9 1,10 9 
S t u t t g a r t 12 0 RH + 3 6 0 M FH 5 ,00 0 1,11 9 
W o l f s b u r g 2 3 RH 6 0 0 9 2 8 
L e u t k i r c h 6 7 RH + 11 0 M FH 2 ,99 3 1,07 2 
U l m 16 1 RH + 12 0 M FH 3 , 3 4 5 1,11 9 

M FH =  F l a t s  i n  m u l t i - f a m i l y h o u s e s ,  R H =  R e s i d e n t i a l  H o m e s 

R E S U L TS O F T H E P R E - S T U D I E S FO R H A M B U RG A N D O F F E N B U RG 

Gene ra l  D e s c r i p t i o n 

I n t h i s  s e c t i o n t h e  r e s u l t s  o f  th e  p r e - s t u d i e s  fo r  H a m b u r g an d O f f e n b u r g 
a r e  p r e s e n t e d i n  m o r e  d e t a i l e d fo r m (se e  t a b l e  2 . ) .  I n  H a m b u r g 19 3 
r e s i d e n t i a l  h o m e s  wil l  b e  b u i l t ,  e ac h w i t h a n annua l  hea t  d e m a n d o f  abou t 
1 2 MWh fo r  h e a t i n g an d 4  MWh fo r  d o m e s t i c  ho t  w a t e r .  I n  O f f e n b u r g ,  w h i c h i s 
l o c a t e d i n  t h e  s o u t h - w e s t e r n par t  o f  G e r m a n y ,  a  r e l a t i v e l y c o m p a c t  h o u s i n g 
a r e a  w i t h abou t  7 0 % o f  al l  f l a t s  i n  m u l t i - f a m i l y h o u s e s  i s  be in g p l a n n e d , 
d e t a i l e d i n f o r m a t i o n an d p l a n s  wil l  no t  b e  a v a i l a b l e  b e f o r e  a u t u m n 1 9 9 0 . 
T h e  y e a r l y  to ta l  r a d i a t i o n i s  a bou t  1 5 % h i g h e r  i n  O f f e n b u r g tha n i n 
H a m b u r g ,  t h e  n u m b e r  o f  d e g r e e - d a y s  i s  abou t  1 5 % l o w e r  t ha n i n  H a m b u r g . 

S y s t e m D e s i g n 

Fo r  bo t h p l a c e s  th e  sam e  s y s t e m c o n c e p t  (se e  f i g .  1 )  ha s  bee n a s s u m e d .  Th e 
a u x i l i a r y hea t  d e m a n d shal l  b e  m e t  b y na tu ra l  g a s  (p r i c e  5 2 . -  D M / M W h) 

Th e  h ig h e f f i c i e n t  f la t  p l a t e  c o l l e c t o r s  a r e  m o u n t e d o n th e  r o o f s , 
d e l i v e r i n g t h e  hea t  t o  th e  cen t ra l  hea t  s t o r e  v i a  a  hea t  e x c h a n g e r .  A s  hea t 
t r a n s f e r  f lu i d a  w a t e r / g l y k o l  m i x t u r e  i s  u sed ,  t h e  c o l l e c t o r  p i p e s  ar e 
p l ace d i n  t h e  sam e  d i t c h a s  th e  hea t  d i s t r i b u t i o n s y s t e m .  Fo r  th e  e c o n o m i c 
c a l c u l a t i o n s  a  p r i c e  fo r  th e  w h o l e  c o l l e c t o r - s y s t e m o f  abou t  4 5 0 . -  D M / m 2 
w a s  a s s u m e d ( d e p e n d i n g o n th e  p i p i n g l e n g t h ) ,  w h i c h i s  ba se d o n o f f e r s  f ro m 
m a n u f a c t u r e r s  fo r  c o l l e c t o r  a r r a y s  l a r g e r  tha n 100 0 m 2. 

T h e  s t o r a g e  m e d i u m i s  w a t e r .  T h e  hea t  s t o r a g e  i s  a n e a r t h  pi t  o f 
c y l i n d r i c a l  s h a p e  ( 7 -  1 0 m  d e e p ) ,  p a r t l y  b u r i e d i n  t h e  g r o u n d .  Du e  t o 
s h o r t a g e  o f  a v a i l a b l e  g r o u n d ,  fo r  bo t h c a s e s  a  c o n c r e t e  to p w a s  c h o s e n fo r 
t h e  s t o r a g e ,  t ha t  ca n b e  c o v e r e d w i t h s o i l .  A  p r e - d e s i g n b y a  l a rg e 
c o n s t r u c t i o n c o m p a n y ha s  s h o w n ,  tha t  t h e  cos t  fo r  t h i s  t y p e  o f  s t o r a g e 
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w o u l d b e  1 3 0 . -  D M / m 3 fo r  a  v o l u m e  o f  1 3 , 0 0 0 m 3 ( H a m b u r g )  an d  abou t  1 7 5 . -
D M / m3 f o r  a  v o l u m e  o f  4 ,00 0 m 3 ( O f f e n b u r g ) .  T h e  p r o j e c t e d i n s u l a t i o n 
t h i c k n e s s  o n  to p o f  th e  hea t  s t o r a g e  i s  0. 4 m  an d 0. 2 m  o n th e  s id e  w a l l s . 
I n s u l a t i o n o f  t h e  b o t t o m i s  on l y r e q u i r e d ,  i f  th e  g r o u n d w a t e r  leve l  i s 
c l o s e  t o  th e  b o t t o m o f  th e  s t o r a g e . 

T h e  d o m e s t i c  ho t  w a t e r  (DHW )  i s  hea t e d c e n t r a l l y an d  d i s t r i b u t e d b y 
s e p e r a t e  p i p e s .  T h i s  a l l o w s  fo r  a  b e t t e r  us e  o f  th e  hea t  s t o r a g e  d u e  t o  th e 
lo w f r e s h w a t e r  t e m p e r a t u r e ,  an d  l e a d s  t o  u p t o  5  %  h i g h e r  s o l a r  f r a c t i o n . 
M o r e o v e r  i t  a l l o w s  fo r  a n  o p e r a t i o n o f  th e  h e a t i n g n e t w o r k i n d e p e n d e n t  o f 
th e  n e e d s  fo r  D H W - h e a t i n g (min imu m s u p p l y t e m p e r a t u r e  5 5 °C )  i n  th e 
i n d i v i d u a l  h o u s e s .  A n  e c o n o m i c  a n a l y s i s  s h o w s ,  h o w e v e r ,  t ha t  fo r  th e 
H a m b u r g s y s t e m d e c e n t r a l i z e d D H W - h e a t i n g i n  eac h g r o u p o f  h o u s e s  (3 - 8 
h o u s e s  pe r  g r o u p )  i s  c h e a p e r  d u e  t o  th e  q u i t e  lon g p i p i n g r e q u i r e d . 

Collectors , 

H e a t S t o r a g e 

D o m e s t i c 
h o t w a t e r 
d i s t r i b u t i o n 

t a p  w a t e r 

F ig .  1 :  S c h e m e  o f  th e  S y s t e m 

The rma l  P e r f o r m a n c e 

D e s i g n an d  therma l  p e r f o r m a n c e  d a t a  a r e  p r e s e n t e d i n  t a b l e  2 .  W i t h th e 
s y s t e m i n  H a m b u r g a  s o l a r  f r a c t i o n o f  6 2 % ca n b e  a c h i e v e d ,  w h i l e  i n 
O f f e n b u r g d u e  t o  th e  l imi t e d c o l l e c t o r  a r e a  o n  th e  m u l t i - f a m i l y h o u s e s  on l y 
abou t  4 8 %  ar e  p o s s i b l e .  I t  ha s  t o  b e  s t r e s s e d ,  h o w e v e r ,  tha t  t h e  a v a i l a b l e 
r o o f  a re a  ha s  bee n e s t i m a t e d base d o n th e  p r o j e c t e d to ta l  b u i l d i n g a r e a . 
Due  t o  th e  l o w e r  s o l a r  f r a c t i o n fo r  t h e  O f f e n b u r g s y s t e m ,  t h e  hea t  s t o r a g e 
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ca n b e  kep t  r e l a t i v e l y s m a l l .  T h e  c o n s i d e r a b l y l a r g e r  s o l a r  g a i n pe r  m 2 o f 
c o l l e c t o r  a r e a  i s  m a i n l y d u e  t o  th e  m o r e  f a v o u r a b l e  c l i m a t e  (h ighe r 
i n s o l a t i o n )  an d t o  l o w e r  hea t  l o s s e s  i n  t h e  s t o r a g e  ( th e  p o r t i o n o f  so l a r 
hea t  d i r e c t l y  s u p p l i e d t o  th e  loa d i s  h i g h e r ,  s o l e s s  hea t  m u s t  b e  s t o r e d ) . 

T a b l e  2 .  D e s i g n d a t a  an d the rma l  p e r f o r m a n c e  o f  t h e 
s y s t e m s  a t  H a m b u r g an d O f f e n b u r g 

I te m Uni t H a m b u r g O f f e n b u r g 

N o .  o f  d e g r e e  d a y s K- d 3 ,90 3 3 ,31 9 
Hea t  d e m a n d o f  th e  h o u s e s M W h /a 3 , 0 8 8 2 ,33 0 
Tota l  s o l a r  r a d i a t i o n ( h o r i z o n t a l ) k W h / m 2- a 97 7 1,10 9 
C o l l e c t o r  a r e a m2 6 ,72 0 3 ,00 0 
S t o r a g e  v o l u m e m3 1 3 , 0 0 0 4 ,00 0 
S o l a r  c o n t r i b u t i o n t o  loa d M W h /a 2 ,00 6 1,14 4 
S o l a r  g a i n / c o l l e c t o r  a r e a k W h / m 2- a 29 9 38 1 
S o l a r  f r a c t i o n % 6 2 4 8 

E n e r g y Cos t 

Fo r  c o m p a r i s o n w i t h t h e  cos t  goa l  o f  0. 2  D M / k W h ,  i .e .  2 0 0 . -  D M / M W h,  th e 
cos t  o f  hea t  d e l i v e r e d t o  th e  h o u s e s  ha s  bee n c a l c u l a t e d (se e  t a b l e  3 ) .  Fo r 
th e  a b o v e  d e s c r i b e d b a s i c  s y s t e m d e s i g n t h e  e x p e c t e d cos t  a m o u n t  t o  2 4 8 . -
DM/MWh fo r  t h e  s y s t e m a t  H a m b u r g an d t o  1 5 4 . -  DM/MWh fo r  O f f e n b u r g .  Fo r  th e 
cos t  c a l c u l a t i o n s  th e  a n n u i t y  m e t h o d w a s  a p p l i e d w i t h a  rea l  i n t e r e s t  r a t e 
o f  6  % an d a n e x p e c t e d l i f e t i m e  fo r  al l  s y s t e m c o m p o n e n t s  o f  2 0 y e a r s .  Th e 
fa i r l y  l a r g e  cos t  fo r  o p e r a t i o n ,  m a i n t e n a n c e  an d a d m i n i s t r a t i o n i n c l u d e 
als o d e p r e c i a t i o n an d e x c h a n g e  o f  hea t  m e t e r s  an d a c c o u n t i n g o f  t h e  h e a t . 

T a b l e  3 .  Hea t  cos t  an d t h e i r  d i s t r i b u t i o n fo r  th e 
s y s t e m s  a t  H a m b u r g an d O f f e n b u r g (al l  p r i c e s 
i n  DM/MWh d e l i v e r e d ,  rea l  i n t e r e s t  r a t e  6  %, 
e x p e c t e d l i f e t i m e  2 0 y e a r s ) 

I te m H a m b u r g O f f e n b u r g 

Hea t  cos t  (p r i c e  o f  e n e r g y d e l i v e r e d ) 
ba s e  c a s e ,  s e p e r a t e  DH W d i s t r i b u t i o n 
common hea t  d i s t r i b u t i o n 
common d i s t r i b u t i o n ,  f l o a t i n g s t o r a g e  to p 

C o n t r i b u t i o n t o  hea t  cos t  (bas e  c a s e ) 
co l  l e c t o r s 
hea t  s t o r a g e 
d i s t r i b u t i o n n e t w o r k 
fue l  (gas ) 
o p e r a t i o n ,  m a i n t e n a n c e ,  a d m i n i s t r a t i o n 
a u x i l i a r y b o i l e r ,  b u i l d i n g 

2 4 8 
2 3 6 
22 4 

7 9 . 8 8 (32% ) 
5 0 . 4 7 
4 6 . 4 

(20% ) 
(19% ) 

2 1 . 4 9 (  9% ) 
4 2 . 3 5 (17% ) 

7.9 1 (  3% ) 

15 4 

4 4 . 3 8 (29% ) 
2 7 . 8 6 (18% ) 
2 4 . 1 6 (16% ) 
2 8 . 9 (19% ) 
2 3 . 3 8 (15% ) 

5.5 7 (  3% ) 
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T h e  l a r g e  d i f f e r e n c e  i n  t h e  tota l  hea t  cos t  ha s  severa l  r e a s o n s .  Th e 
d i f f e r e n c e  i n  t h e  s o l a r  f r a c t i o n ,  f i r s t  o f  a l l ,  l e a d s  t o  a  s m a l l e r  so l a r 
s y s t e m an d t o  t h e  b u r n i n g o f  m o r e  c h e a p g a s  fo r  t h e  O f f e n b u r g s y s t e m ,  w h i c h 
r e d u c e s  t h e  hea t  c o s t .  T h e  s o l a r  s y s t e m a t  O f f e n b u r g d e l i v e r s  m o r e  usefu l 
hea t  a t  l o w e r  i n v e s t m e n t  cos t  ( s m a l l e r  s t o r a g e ,  s h o r t e r  p i p i n g ) .  Th e 
s t r u c t u r e  o f  t h e  a r e a  (compac t  i n  O f f e n b u r g ,  r e s i d e n t i a l  i n  H a m b u r g ) , 
f i n a l l y ,  l e a d s  t o  h i g h e r  cos t  fo r  t h e  hea t  d i s t r i b u t i o n s y s t e m i n  H a m b u r g . 

W i t h t h e  cos t  s t r u c t u r e  use d i n  t h i s  i n v e s t i g a t i o n w i t h c h e a p ga s  a s 
a u x i l i a r y ,  n o  cos t  m i n i m u m fo r  t h e  c o m b i n e d s y s t e m e x i s t s  fo r  a  f i n i t e 
c o l l e c t o r  a r e a ,  i .e .  t h e  hea t  cos t  m i n i m u m o c c u r s  a t  z e r o so l a r 
c o n t r i b u t i o n . 

D I S C U S S I O N A N D F U T U R E W O RK 

T h e  i n v e s t i g a t i o n s  c a r r i e d ou t  u n d e r  t h i s  p r o j e c t  s o  f a r  h a v e  show n tha t 
th e  cos t  goa l  o f  0. 2  D M / k W h fo r  hea t  d e l i v e r e d t o  t h e  h o u s e s  ca n b e 
a c h i e v e d i n  a  p i l o t  p r o j e c t .  T h e  p r o j e c t  ha s  a l r e a d y a f t e r  on e  y e a r  c r e a t e d 
a  lo t  o f  i n t e r e s t  f ro m th e  pa r t  o f  s o l a r  c o l l e c t o r  m a n u f a c t u r e r s ,  w h o ar e 
w i l l i n g t o  i m p r o v e  t h e  the rma l  p e r f o r m a n c e  o f  t h e i r  c o l l e c t o r s  an d th e 
d e s i g n t o  m e e t  t h e  n e e d s  o f  cen t ra l  s o l a r  h e a t i n g p l a n t s .  F iv e  d i f f e r e n t 
h ig h e f f i c i e n t  f la t  p l a t e  s o l a r  c o l l e c t o r s  a r e  p r e s e n t l y  t e s t e d a t  th e 
I n s t i t u t e  I T W ) ,  on e  m o r e  wil l  b e  m o u n t e d o n  shor t  n o t i c e . 

B e f o r e  t h e  c o n s t r u c t i o n o f  a  P i l o t - C S H P S S i n  t h e  FR G a  n u m b e r  o f  p i lo t 
i n s t a l l a t i o n s  fo r  a  r e a l i s t i c  t e s t  o f  th e  c o m p o n e n t s  wil l  b e  r e a l i z e d .  Th i s 
c o m p r i s e s  a  l a r g e  c o l l e c t o r  a r r a y ,  c o n n e c t e d t o  a  d i s t r i c t  h e a t i n g n e t w o r k , 
o n e  o r  t w o l a r g e  r o o f - i n t e g r a t e d c o l l e c t o r  a r r a y s  (10 0 -  2 0 0 m 2)  an d a 
h i g h - t e m p e r a t u r e  e a r t h - p i t  hea t  s t o r e . 
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DEVELOPMENTS I N WAVE ENERGY 

L.J.Ducker s 

Energ y System s  Grou p 
Coventr y Polytechni c 

Ocea n wave s  ar e  generate d b y win d passin g ove r  extensiv e  stretche s  o f 
water .  Becaus e  th e  win d i s  originall y  derive d fro m sola r  energ y w e  ma y 
conside r  wave s  t o  b e  a  store d ,  moderatel y hig h densit y  ,  for m o f  sola r 
energy . 

The  possibilit y  o f  extractin g energ y fro m ocea n wave s  ha s  intrigue d ma n 
fo r  centurie s  bu t  i t  i s  onl y i n  th e  pas t  tw o decade s  tha t  technicall y 
suitabl e  device s  hav e  bee n proposed . 

I n  genera l  thes e  device s  hav e  fe w environmenta l  drawbacks .  Th e  economi c 
projection s  fo r  som e  device s  loo k extremel y promisin g an d especiall y  s o 
i n  area s  o f  th e  worl d wher e  th e  wav e  climat e  i s  energetic .  Th e  nort h 
eas t  Atlanti c  i s  a  particularl y  favourabl e  area . 

Figur e  1  illustrate s  th e  wav e  energ y mate s  fo r  Wester n Europe .  Fro m 
Referenc e  2  i t  i s  clea r  tha t  energ y potentiall y  availabl e  fro m th e 
Europea n wav e  resourc e  i s  enormous . 

The  wav e  climat e  i s  no t  steady ,  indee d sea s  var y o n a  minut e  b y minut e 
basi s  a s  wel l  a s  seasonally .  I t  i s  importan t  t o  not e  tha t  generall y  th e 
mos t  energeti c  Atlanti c  sea s  occu r  durin g th e  winte r  whe n th e  deman d 
fo r  electricit y  i s  greatest .  Th e  variatio n i n  wav e  height ,  perio d an d 
powe r  wit h tim e  mean s  tha t  device s  hav e  t o  b e  carefull y  designe d fo r 
optima l  energ y captur e  an d hav e  als o t o  b e  abl e  t o  withstan d th e 
considerabl e  loading s  tha t  resul t  fro m th e  larges t  storms . 

The  oi l  crisi s  o f  197 3 stimulate d considerabl e  activit y  i n  wav e  energ y 
developmen t  i n  th e  Unite d Kingdo m an d a  numbe r  o f  team s  wer e 
establishe d workin g o n a  wid e  variet y  o f  devices .  I t  i s  fai r  t o  sa y 
tha t  b y th e  lat e  1970' s  Britai n  le d th e  worl d i n  wav e  energ y researc h 
bu t  tha t  th e  198 2 decisio n b y th e  Departmen t  o f  Energ y t o  curtai l  th e 
programm e  cause d th e  los s  o f  man y o f  thes e  team s  an d thei r  accumulate d 
expertise .  Th e  basi s  fo r  th e  decisio n was ,  an d stil l  is ,  th e  subjec t 
fo r  muc h debat e  an d th e  arguement s  wil l  no t  b e  rehearse d here .  A  revie w 
of  wav e  enrg y i s  no w bein g conducte d b y th e  Departmen t  o f  Energ y an d i t 
i s  t o  b e  hope d tha t  a  ne w researc h programm e  wil l  b e  formulate d b y 
1992 . 
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Othe r  countries ,  notabl y Norway ,  an d Japa n no w hav e  prototyp e  device s 
unde r  tes t  an d Portugal ,  Denmark ,  Swede n an d Eir e  ar e  als o undertakin g 
research . 

The  Technolog y 

I n orde r  t o  captur e  energ y fro m se a  wave s  i t  i s  necessar y t o  intercep t 
th e  wave s  wit h a  structur e  whic h ca n  respon d i n  a n  appropriat e  manne r 
t o th e  force s  applie d t o  i t  b y th e  waves .  I f  th e  structur e  i s  fixe d t o 
th e  seabe d o r  seashor e  the n i t  i s  eas y t o  se e  tha t  som e  par t  o f  th e 
structur e  ma y b e  allowe d t o  mov e  wit h respec t  t o  th e  fixe d structur e 
an d henc e  conver t  th e  wav e  energ y int o som e  mechanica l  energ y (whic h i s 
probabl y subsequentl y  converte d int o  electricity) .  Floatin g structure s 
ca n b e  employed ,  bu t  the n a  stabl e  fram e  o f  referenc e  mus t  b e 
establishe d s o  tha t  th e  'active * par t  o f  th e  devic e  move s  relativ e  t o 
th e  mai n structure .  Thi s  ca n b e  acheive d b y th e  applicatio n o f  inerti a 
or  b y  makin g th e  structur e  s o  larg e  tha t  i t  span s  severa l  wav e  crest s 
an d henc e  i s  reasonabl y stabl e  i n  mos t  se a  states .  A  classificatio n o f 
offshor e  poin t  absorber s  i s  attempte d b y  Folle y referenc e  3 . 

W a v e p o w e r  e s t i m a t e s f o r  w e s t e r n E u r o p e 
b a s e d o n t h e U K Me t O f f i c e w i n d - w a v e 
h i n d c a s t m o d e l ( N o r w e g i a n Me t Ins r  mode l 
for  B e r g e n j . Wav e rose s s h o w m e a n p o w e r 
f r o m e a c h 3 0 ° s e c t o r  ( 2 2 - 5 ° for  D B I ) , w i t h 
m a r k s a t 5 k W / m i n t e r v a l s . G r o s s p o w e r Figur e  1 
l e v e l s a r e s h o w n ( in k W / m ) ; a n d a l s o ne t 
p o w e r  PQ ( n u m b e r s in italics)  c r o s s i n g 
l i n e s (± j_m_|_L ) * 'hos e d i r e c t i o n è 
m a x i m i s e s PQ f o r  th e p a r t i c u l a r  s i t e . 
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An Importan t  subgrou p o f  wav e  energ y device s  ar e  th e  be d an d shor e 
mounte d one s  since ,  exceptin g th e  Japanes e  vessel ,  Kaimei ,  the y ar e  th e 
onl y one s  s o fa r  teste d a s  prototype s  a t  sea .  A s  a  fixe d fram e  o f 
referenc e  an d wit h goo d acces s  fo r  maintenanc e  the y hav e  obviou s 
advantage s  ove r  th e  floatin g devices ,  bu t  d o operat e  i n  reduce d powe r 
level s  an d ma y ultimatel y hav e  limite d site s  fo r  futur e  deployment . 

Probabl y th e  majorit y  o f  device s  teste d an d planne d ar e  o f  th e 
oscillatin g wate r  colum n (OWC)  typ e  Figur e  2  i s  a  schemati c 
representatio n o f  a n OWC 

Figur e  2  A  shor e  mounte d O.W. C 
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An ai r  chambe r  pierce s  th e  surfac e  o f  th e  se a  an d th e  containe d ai r  i s 
force d ou t  o f  an d the n int o th e  chambe r  b y th e  approachin g crest s  an d 
troughs .  O n it s  passag e  fro m an d t o  th e  chambe r  th e  ai r  passes s  throug h 
a n ai r  turbin e  generato r  an d s o produce s  electricity . 

A nove l  ai r  turbine ,  th e  Wells ,  whic h i s  sel f  rectifyin g an d ha s 
aerodynami c  characteristic s  particularl y  suitabl e  fo r  wav e  application , 
i s  propose d fo r  man y OWCs. 

Oscillatin g wate r  column s  hav e  bee n buil t  i n  Norway ,  Japa n an d Scotlan d 
(se e  referenc e  1 )  an d ar e  propose d fo r  th e  Azore s  b y th e  Portuges e 
(referenc e  A ) .  Kaime i  wa s  a  floatin g collectio n o f  OWCs  whic h wa s  firs t 
teste d i n  1977 .  A  furthe r  fou r  (fixed )  0W C typ e  device s  hav e  bee n 
teste d a s  prototype s  i n  Japan .  Thre e  othe r  prototype s  hav e  bee n teste d 
i n  Japan ,  al l  havin g mechanica l  linkag e  betwee n a  movin g component , 
suc h a s  a  hinge d flap ,  an d th e  fixe d par t  o f  th e  device . 

I n  Norwa y a  devic e  fo r  capturin g wate r  a t  a n elevate d leve l  a s  a  resul t 
of  wave s  runnin g u p a  tapere d channe l  ha s  prove d t o  b e  ver y successful . 
TAPCHAN,  a s  i t  i s  called ,  need s  ver y carefu l  locatio n a s  i t  i s 
susceptibl e  t o  tide s  an d wav e  direction . 

Floatin g devices ,  suc h a s  th e  Cla m an d Duc k fro m th e  Unite d Kingdom , 
ar e  rightl y  though t  t o  b e  nex t  generatio n devices ,  du e  t o  th e 
difficultie s  o f  workin g i n  50-10 0 m  dept h o f  water . 

The y woul d b e  abl e  t o  harves t  mor e  energ y sinc e  th e  wav e  powe r  i s 
greate r  offshor e  tha n i n  shallo w wate r  an d sinc e  ther e  i s  littl e 
restrictio n t o  th e  deploymen t  o f  larg e  array s  o f  suc h devices . 

The  Cla m i s  a  floatin g rigi d toroid .  Twelv e  ai r  cell s  ar e  arrange d 
aroun d th e  circumferenc e  o f  th e  toroi d an d thes e  cell s  ar e  al l  couple d 
togethe r  b y a n ai r  ductin g whic h contain s  twelv e  Well s  turbines .  Thu s 
th e  ai r  force d fro m on e  cel l  wil l  pas s  throug h a t  leas t  on e  turbin e  o n 
rout e  t o  othe r  cells .  Eac h cel l  i s  seale d agains t  th e  wate r  b y a 
flexibl e  rubbe r  membrane . 

The  Edinburg h Duc k wa s  originall y  envisage d a s  man y cam-shape d bodie s 
linke d togethe r  o n a  lon g flexibl e  floatin g spin e  whic h wa s  t o  spa n 
severa l  kilometre s  o f  th e  sea .  Mor e  recentl y  interes t  ha s  centre d o n 
th e  cas e  o f  a  singl e  Duc k whic h woul d demonstrat e  th e  technolog y a t 
ful l  scal e  an d becaus e  o f  poin t  absorbe r  effect s  woul d produc e 
significan t  amount s  o f  energy . 

Economic s 

Wave  energy ,  lik e  man y othe r  renewable s  energ y technologies ,  ha s  hig h 
capita l  cost s  bu t  lo w operatin g costs .  Th e  hig h capita l  cost s  aris e 
fro m th e  nee d t o  buil d  an d deplo y larg e  structure s  t o  captur e  smal l 
amount s  o f  energ y a s  th e  "energ y density "  o f  wav e  environment s  i s  quit e 
lo w aroun d 5 0 k W pe r  metre .  O n th e  othe r  han d th e  operatin g cost s  ar e 
lo w becaus e  on e  ha s  t o  conside r  onl y operational ,  repai r  an d 
maintenanc e  costs ,  whic h togethe r  migh t  onl y amoun t  t o  a  fe w percen t 
pe r  annu m o f  th e  capita l  cost ,  an d ther e  i s  n o cos t  associate d wit h th e 
fuel,th e  waves-unles s  government s  impos e  a n abstractio n tax . 
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The  consequenc e  o f  hig h capita l  cost ,  bu t  lo w operatin g cost ,  i s 
generall y  a  lon g pa y bac k period ,  an d thi s  seem s  t o  b e  a  majo r  drawbac k 
a s  fa r  a s  governmen t  an d commercia l  investor s  ar e  concerned .  Thi s  i s 
particularl y  tru e  i n  th e  Unite d Kingdo m where ,  fo r  commercia l 
investmen t  pa y bac k period s  exceedin g abou t  thre e  year s  ar e  ofte n 
regarde d a s  to o long . 

Wave  energ y i s  a  lon g ter m technology ,  i t  wil l  tak e  som e  furthe r  year s 
of  researc h an d developmen t  t o  produc e  prototype s  o f  som e  device s  an d 
t o  refin e  th e  desig n o f  others . 

Wave  energ y i s  als o a  lon g ter m technolog y i n  th e  deploymen t  o f  a 
particula r  device .  Whils t  i t  i s  impossibl e  i n  thi s  shor t  pape r  t o 
presen t  a  complet e  economi c  mode l  Figur e  3 , adapte d fro m Referenc e  5 , 
serve s  t o  illustrat e  th e  influenc e  o f  discoun t  rat e  an d valu e  o f 
electricit y  generate d o n th e  th e  lon g ter m valu e  o f  a n investmen t  i n  a 
wav e  energ y station .  Th e  capita l  cos t  i s  take n a s  £ 1 0 0 0 pe r  installe d 
kW,  operatin g cos t  i s  3Z pe r  annu m an d th e  valu e  o f  electricit y  i s 
£ 0 . 0 3 an d £ 0 . 0 4 pe r  kWh ,  inde x linked .  Discoun t  rate s  betwee n 3 an d 15Z 
ar e  employed .  I t  i s  clea r  tha t  th e  pa y bac k perio d i s  alway s  long ,  th e 
discoun t  rat e  i s  ver y important ,  favourin g th e  Japanes e  wh o currentl y 
enjo y ver y lo w discoun t  rates ,  an d tha t  th e  valu e  o f  th e  outpu t  i s  als o 
critical .  Bein g a n environmentall y  clea n technolog y i t  ma y b e  tha t  th e 
valu e  o f  th e  outpu t  shoul d b e  enhance d wit h respec t  o f  electricit y 
derive d fro m som e  o f  th e  conventiona l  sources . 

Finall y  thi s  simpl e  mode l  show s  that ,  provide d tha t  a  positiv e  paybac k 
i s  achieved ,  th e  return s  o n investmen t  i n  wav e  energ y ca n b e 
considerabl e  i n  th e  longe r  term . 

Possibilitie s  Fo r  Th e  Futur e 

Wave  energ y i s  alread y bein g utilise d i n  som e  part s  o f  th e  world .  Wher e 
a  remot e  islan d ha s  expensiv e  conventiona l  energ y an d a  reasonabl e  wav e 
climat e  i t  i s  likel y tha t  prototyp e  device s  ma y b e  economicall y  viable . 
I n  th e  longe r  ter m a  majo r  contributio n fro m wav e  energ y wil l  probabl y 
aris e  fro m th e  deploymen t  o f  array s  o f  floatin g offshor e  o r  nea r  shor e 
device s  an d ther e  i s  stil l  a  researc h an d developmen t  programm e 
require d i n  thi s  area .  Fo r  exampl e  a  prototyp e  cla m devic e  an d testin g 
program e  woul d probabl y cos t  £25M ove r  fiv e  years .  Suc h a  programm e 
woul d b e  aime d a t  confirmin g th e  claim s  mad e  fo r  th e  performanc e  o f  th e 
device ,  givin g confidenc e  t o  it s  structura l  integrit y  an d allowin g 
refinemen t  an d cos t  optimisatio n o f  th e  design .  We  shoul d no t  clos e  ou r 
mind s  t o  th e  possibilitie s  fo r  othe r  devices ,  emergin g i n  th e  futur e 
wit h enhance d cos t  effectiveness . 
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ABSTRACT 

PRESI M i s  a n interactiv e  graphica l  compute r  progra m fo r 
producin g inpu t  dat a  fo r  modula r  HVAC syste m simulatio n 
programs .  Versio n 1. 0 run s  o n IB M compatibl e  DOS computer s  an d 
produce s  inpu t  dat a  fo r  th e  TRNSYS simulatio n program ,  versio n 
12.2 .  Th e  use r  work s  wit h a  drawin g o f  a n HVAC syste m mode l  o n 
a  graphica l  compute r  screen ,  muc h i n  th e  sam e  wa y a s  wit h a 
CAD-system .  PRESI M ha s  bee n teste d fo r  hal f  a  yea r  b y 
experience d TRNSYS user s  an d i s  no w officiall y  release d an d 
availabl e  throug h SER C an d othe r  distributors . 

KEYWORDS 

Sola r  energy ,  compute r  simulation ,  fron t  end ,  TRNSYS 

INTRODUCTION 

Compute r  simulatio n program s  ar e  importan t  tool s  fo r 
evaluatin g th e  performanc e  o f  HVAC systems .  Ther e  ar e  goo d 
program s  whic h offe r  a n almos t  unlimite d variet y  o f  HVAC 
system s  t o  b e  modelle d an d simulated .  However ,  th e  method s  t o 
describ e  an d chang e  th e  syste m mode l  unde r  stud y ar e  no t 
user-friendl y (Broma n an d Nordlander ,  1987) . 

Wit h a  bette r  use r  interfac e  mor e  peopl e  woul d d o bette r 
simulatio n studies .  Th e  mos t  use d modula r  simulatio n progra m 
fo r  sola r  system s  i s  TRNSYS (Klei n an d co-workers,1983) .  A 
numbe r  o f  effort s  t o  develop  a  bette r  use r  interfac e  fo r 
preparin g TRNSYS inpu t  dat a  hav e  bee n made .  S o far ,  non e  o f 
the m ha s  gaine d a  wid e  acceptance . 
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SERC a t  th e  Universit y  Colleg e  o f  Falun/Borlang e  an d MCE a t 
th e  Roya l  Institut e  o f  Technology ,  i n  collaboratio n wit h th e 
Sola r  La b a t  Universit y o f  Wisconsin ,  no w hav e  develope d 
PRESIM,  a  graphica l  fron t  en d fo r  th e  TRNSYS simulatio n 
program .  Th e  structur e  o f  PRESI M woul d als o permi t  interfacin g 
t o  othe r  simulatio n program s  wit h a  simila r  inpu t  dat a 
structure . 

DESCRIPTIO N O F PRESI M 

Wit h PRESI M a  use r  ca n create ,  store ,  retriev e  an d chang e 
syste m drawing s  an d inpu t  dat a  fo r  TRNSYS .  Th e  use r  work s  wit h 
a  mous e  an d manipulate s  a  drawin g o f  a n  HVAC syste m mode l  o n a 
graphica l  compute r  screen ,  muc h i n  th e  sam e  wa y a s  wit h a 
CAD-system .  Th e  use r  interfac e  i s  simila r  t o  a  Window s  o r 
Macintos h program .  Th e  progra m run s  unde r  DOS o n a n IB M AT , 
PS/ 2 o r  compatibl e  machin e  wit h 64 0 k b memory ,  minimu m 2  Mb 
fre e  dis k space ,  an d EG A o r  VGA graphic s  screen .  Drawing s  ca n 
be  plotte d o n HP-compatibl e  plotter s  an d a  numbe r  o f  lase r  an d 
do t  matri x  printers . 

A PRESI M syste m mode l  consist s  o f  component s  an d connections . 
Typically ,  eac h symbo l  o n th e  scree n represent s  a  componen t  i n 
th e  simulatio n program .  A s  fa r  a s  possible ,  standar d IS O 
symbol s  ar e  used .  Th e  connection s  ar e  multi-dimensional ,  e.g . 
on e  lin e  o n th e  drawin g ma y represen t  bot h temperatur e  an d 
mas s  flui d information .  Figur e  1  show s  a n  exampl e  o f  a  screen . 
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Figur e  1 .  Th e  compute r  scree n durin g a  PRESI M session . 
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Paramete r  value s  suc h a s  collecto r  are a  an d efficiency ,  hea t 
exchange r  propertie s  an d s o o n ar e  entere d i n  scree n form s 
wit h hel p text s  an d uni t  conversion .  Th e  use r  ma y sav e  copie s 
of  individua l  components ,  wit h paramete r  values ,  an d thu s 
buil d  a  librar y o f  ready-to-us e  components .  Th e  standar d 
PRESI M librar y contain s  al l  standar d TRNSYS type s  wit h a  fe w 
exceptions .  I t  i s  als o possibl e  fo r  th e  use r  to  creat e  PRESI M 
component s  fo r  use r  develope d TRNSYS components .  Figur e  2 
show s  a  typica l  paramete r  for m fo r  a  storag e  tan k 
component . 

INI :  Stratifie d storag e  tank ,  3  node s 
IN2 :  Variabl e  inlet .  N o au x heater . 
PRESI M type :  101 9 

4 
S Tan k 
Sola r  storag e  tan k 

TRNSYS typ e 
Shor t  labe l 
Lon g labe l 
CM1: 
CM2:  TRNSYS manua l  4 3. 1 

PARAMS 15 PG_UP 
PG D W 

1 Variabl e  inle t 
2  Tan k Volum e 
3 Specifi c  hea t  o f  flui d 
4 Densit y  o f  flui d 
5 Tan k los s  coefficien t 
6  Heigh t  o f  nod e  1 
7 Heigh t  o f  nod e  2 
8 Heigh t  o f  nod e  3 
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kg/m 3 
W/h-m2- C 
m 
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m 

2 
60 0 

4.1 9 
100 0 
0.0 9 

4 
4 
4 

V INPUT S OUTPUTS PARAMS DERIV S EXPAND SHRIN K 

Figur e  2 .  Th e  paramete r  for m fo r  a  storag e  tank . 

Ofte n a  TRNSYS componen t  function s  differentl y  dependin g o n 
moda l  paramete r  settings ,  s o i t  mus t  b e  represente d b y two  o r 
mor e  PRESI M components .  Fo r  example ,  th e  TRNSYS Typ e  3 ,  a 
storag e  tank ,  ma y hav e  a  fixe d o r  variabl e  inlet ,  an d eac h o f 
thes e  two  mode s  i s  represente d b y on e  PRESI M component ,  wit h 
differen t  graphi c  symbols . 
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TESTIN G AND RESULT S 

The  progra m ha s  bee n teste d b y a  numbe r  o f  experience d TRNSYS 
user s  durin g sprin g an d summe r  1990 ,  amon g those :  Soran e  SA , 
Lausanne ,  Switzerland ;  Sola r  Lab ,  Universit y  o f  Wisconsin , 
USA;  Institut e  o f  Thermodynamics ,  Universit y  o f  Stuttgart , 
Germany ;  C.E.T.I.A.T ,  Villeurban e  Cedex ,  France ;  Laboratoir e 
de  Thermodynamique ,  Universit e  d e  Liege ,  Belgium .  I n genera l 
th e  testin g ha s  prove d th e  progra m to  b e  mos t  useful .  A  numbe r 
of  valuabl e  comment s  an d suggestions ,  an d a  fe w sever e 
shortcoming s  an d fata l  bug s  hav e  bee n reported . 

DISTRIBUTIO N O F PRESI M 

Versio n 1.0 ,  whic h i s  no w released ,  produce s  inpu t  dat a  fo r 
th e  TRNSYS simulatio n program ,  versio n 12.2 .  Nex t  PRESI M 
versio n wil l  suppor t  TRNSYS 13.0 .  Th e  progra m come s  wit h 
complet e  documentatio n i n  Englis h an d a  componen t  librar y 
whic h include s  8 2 PRESI M components ,  representin g 4 1 TRNSYS 
types . 

The  licens e  fe e  fo r  PRESI M i s  $30 0 an d th e  progra m i s 
availabl e  from : 

PRESI M Coordinato r 
Sola r  Energ y Researc h Cente r  (SERC ) 
Univ .  Colleg e  o f  Falun/Borlang e 
Box 1004 4 
S-78 1 1 0 Borlang e  Tel. :  +4 6 24 3 7375 7 
SWEDEN Fax. :  +4 6 24 3 7375 0 

INE T Bart ,  Fisch ,  Kuble r 
Bohmisreutewe g 2 0 
700 0 Stuttgar t  1 
West  German y 

TRNSYS coordinato r 
Universit y  o f  Lieg e 
Laborator y o f  Thermodynamic s 
Rue  Ernes t  Solvay ,  2 1 
B-400 0 Lieg e 
Belgiu m 

TRNSYS Enginee r 
Sola r  Energ y Laborator y 
Universit y  o f  Wisconsin-Madiso n 
150 0 Johnso n Driv e 
Madison ,  WI  5370 6 
USA 
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A SOLA R HEATIN G PLAN T WIT H SEASONA L STORAG E 
Th e Sar o Projec t 

Jan-Olo f Dalenback , Lie Tec h 

Dept . of Buildin g Service s Engineerin g 
Chalmer s Universit y of Technolog y 

S-412 96 Goteborg , Sweden 
Phone : +46-31721153 Fax : +46-31721152 

ABSTRAC T 

A new solar  heatin g plant , with a novel storag e design , ha s bee n buil t in a new 
residentia l buildin g are a sout h of Goteborg , Sweden . Th e plan t will provid e a par t of 
spac e heatin g an d D H W requirement s in 48 flats,  usin g root-integrate d solar  collector s 
an d a newly develope d insulate d an d water-fille d stee l tank . Th e mai n scop e of thi s 
R D & D projec t is to evaluat e system performanc e an d economic s with advance d roof -
integrate d collector s an d seasona l storag e in new smal l residentia l buildin g areas . 

KE Y WORD S 

Solar  heating , seasona l storage , residentia l heating . 

INTRODUCTIO N 

Th e evaluation s of th e solar  heatin g plant s Ineelsta d an d Lamboho v (1980-83) showed 
tha t bot h cheape r  an d mor e efficient solar  collector s an d hea t store s wer e require d to 
mak e solar  heatin g with seasona l storag e competitiv e with conventiona l smalle r  heatin g 
plant s (100-500 residentia l units) . The y also reveale d substantia l scope for  cost 
reduction s in th e system design , particularl y th e pipin g an d contro l (Dalenback , 1988a) . 

A pre-stud y for  a new smalle r  solar  heatin g plan t was initiate d in 1984, with th e 
objectiv e of designin g a chea p insulate d hea t stor e togethe r  with a chea p an d simpl e 
system , as new collector  design s wer e develope d in othe r  projects . Th e Sar o projec t is 
th e mos t recen t resul t of thi s study . Th e solar  collector s ar e finance d usin g th e sam e 
kin d of governmenta l buildin g loan s as for  th e houses , while th e storag e is finance d by 
experimenta l buildin g loans . 

DESCRIPTIO N O F T H E SURROUNDING S 

Sar o is locate d on th e Swedish west-coas t abou t 20 km sout h of Goteborg . Th e averag e 
annua l outdoo r  temperatur e is 7 °C, th e heatin g design temperatur e is -16 °C an d th e 
annua l globa l solar  radiatio n on a horizonta l surfac e is close to 1 000 kWh/m 2. Th e 
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buildin g are a is locate d in a smal l valley betwee n rock y hills an d consist s of a grou p of 
nin e smal l multifamil y house s with two floors . Th e house s hav e ordinar y roo f slopes 
(27°) an d th e collecto r  roof s ar e facin g SSE to SE . 

SYSTE M DESIG N 

Th e collector s cover  abou t 60 %  of th e SSE to SE facin g roo f area . Th e solar 
collectors , as well as th e spac e heatin g an d domesti c ho t wate r  (DHW ) system s in th e 
nouses , ar e connecte d to a smal l centra l heatin g plan t via insulate d iro n pipe s in th e 
ground . Th e storag e is closeby th e heatin g plan t an d supplementar y heatin g is manage d 
by a conventiona l oil boiler . 

Solar  Collector s 

Th e solar  collecto r  used is an advance d versio n of th e roof-integrate d collector  typ e 
previousl y use d in severa l Swedish project s (Sunstri p absorber , acryli c cover) . In Sar o 
thi s collecto r  typ e is complemente d with a convectio n barrie r  (TPFE-foil) , thu s 
improvin g th e therma l performanc e usin g a larg e temperatur e differenc e in th e wate r 
hea t store . Th e tota l collector  aperatur e are a is 800 m 2, an d th e collector s wer e buil t 
an d pu t int o operatio n durin g th e lat e summe r  1989. 

Timber 
framewor k 

Fig. 1. Roof-integrate d collectors . Th e collecto r  in Sar o ha s a 
convectio n barrie r  (TPF E foil) betwee n th e acryli c 
cover  (plexiglass ) an d th e absorber . 

Hea t Stor e 

Th e fina l choice for  th e storag e design in Sar o fell on a cylindrica l conventiona l tan k 
construction , in combinatio n with loose minera l wool insulatio n (blown int o place) , 
place d in a roc k pit . A spra y polyuretha n insulatio n in combinatio n with plasti c sheet s 
(HDPE , TPFE ) or  reinforce d spra y concret e as water-proofin g liner s wer e two othe r 
alternative s tha t was studie d in advance . 
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Th e tan k was rolle d togethe r  on site ou t of 4 m m galvanize d stee l plate s with a specia l 
equipment . As thi s tan k can hav e a self-supportin g top th e oute r  roo f constructio n was 
change d fro m an origina l design with concret e slab s to aluminimu m sheet s on iro n 
beams , which is muc h cheaper . Th e heigh t of th e tan k is 7 m an d th e wate r  volum e is 
close t o 700 m 3. 

Th e hea t stor e was originall y suppose d to b e a rectangula r  insulate d an d water-fille d 
roc k pit , wate r  volum e of abou t 1 400 m 3, with a self-supportin g top simila r  to an earlie r 
R & D projec t in Vaxj o (Dalenback , 1988b) . 

Th e pi t excavatio n was don e alred y in 1988 in connectio n with th e plannin g of th e 
buildin g are a an d th e fina l constructio n was suppose d to b e complete d in th e beginnin g 
of 1990. Th e chang e of storag e design to a cylindrica l tan k (insid e a rectangula r  pit ) 
resulte d in a reduce d storag e volume . Th e mai n advantage s with thi s constructio n is 
tha t it is an establishe d technolog y an d tha t th e usabl e temperatur e rang e can b e large , 
abou t 35-95 compare d to 35-80 °C for  th e origina l design . 

Roof 

r_( ] ç  Roof  support 

Drainag e 

Fig . 2. Sar o - Schemati c drawin g showin g th e storag e design . 

Spac e heatin g an d D H W 

Th e load is spac e heatin g an d D H W for  a smal l residentia l buildin g are a with 48 flat s in 
multifamil y houses . Th e house s ar e calculate d to hav e an annua l hea t requiremen t of 
th e orde r  of 400 MWh , includin g D H W an d distributio n losses. Th e spac e heatin g 
system is a low temperatur e hydroni c radiato r  system with a 55 °C suppl y temperatur e 
require d at an outdoo r  design temperatur e of -16 °C . Th e characteristi c suppl y 
temperatur e requiremen t is 50 °C for  DHW , an d th e characteristi c retur n temperatur e 
is 35 °C. 
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SYSTE M OPERATIO N 

Th e system operatio n is simila r  t o th e system operatio n in othe r  lat e R & D project s 
(Dalenback , 1988a) . Th e mai n differenc e is tha t ther e is a direc t connectio n betwee n 
th e collecto r  circui t an d th e load circui t in Saro . Thi s will no t improv e th e performanc e 
bu t it reduce s th e amoun t of pipin g in connectio n to th e storage . Th e interactio n 
betwee n thes e t o circuit s will b e evaluated . 

Fig . 3. Sar o - System schemati c diagram . 

Th e system in Sar o ha s bee n in operatio n with a short-ter m storag e tan k (boile r  buffe r 
storage ) since autum n 1989 an d th e seasona l storag e was pu t int o operatio n in Ma y 
1990. Th e plan t is controlle d usin g a few conventiona l an d simpl e thermosta t contro l 
units . 

T H E R M A L PERFORMANC E 

System Ratin g 

Previou s evaluation s of solar  heatin g system s with seasona l storag e hav e resulte d in 
som e genera l guide-line s concernin g th e ratin g of thes e system s (Dalenback , 1988a an d 
1990). A desirabl e solar  fractio n of aroun d 70 %  require s abou t 2.5 m 2 of collector s per 
MW h annua l load an d abou t 2.5 m 3 of wate r  volum e per  m 2 of collecto r  area . 

Th e Sar o Projec t 

Therma l performanc e calculation s for  th e Sar o plan t wer e carrie d ou t at an earl y stage . 
Th e calculation s wer e mad e with th e simulatio n progra m SUNSYST (Graslund , 1986). 
Simulation s wer e mad e for  an averag e climati c year  an d an estimate d annua l hea t load 
of abou t 400 MWh . 800 m 2 of roof-integrate d collector s (with convectio n barrier ) an d a 
1400 m 3 wate r  hea t stor e wer e expecte d to give a desirabl e solar  fractio n of th e orde r  of 
6 5 % . 
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Th e actua l buil t plan t consist s of 800 m 2 of collector s bu t th e volum e of th e wate r  hea t 
stor e is only 700 m 3. Thi s gives abou t 2.1 m 2 of collector  are a in relatio n to MW h of 
annua l load . Furthermore , th e storag e volum e is less tha n 1 m 3 pe r  m 2 of collector  area , 
du e to th e R & D characteristic s of th e project , which followingly will resul t in a lower 
solar  fractio n close to 40 % . 

Th e performanc e with th e actua l sizing will b e calculate d with th e simulatio n mode l 
SIMSYS , as well as TRNSYS , in connectio n to th e evaluatio n of th e plant . A 
prelimina r  estimatio n of th e performanc e is shown in Fig. 4. 
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Fig. 4. Sar o - Prelimina r  simulate d therma l performanc e with 
actua l R& D storag e volume . 

DISCUSSIO N 

Th e mai n scop e of thi s projec t is t o gain experienc e fro m th e ne w seasona l storag e 
design . Th e fina l design is base d on conventiona l technologie s to a larg e extent . An 
estimate d investmen t cost , base d on constructio n experienc e in Saro , is aroun d 900 
S E K / m 3 for  a storag e volum e of th e orde r  of 2 000 m 3. Thi s cost is less tha n th e 
investmen t cost for  a conventiona l insulate d stee l tank , an d ther e ar e grea t possibilitie s 
t o reduc e thi s cost by a carefu l commissio n of a ne w large r  storage . Thi s storag e design 
is, furthermore , also possibl e t o us e in an ordinar y pi t design in ground . 
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ABSTRAC T 

Severa l solar  heatin g system s with roof-integrate d collector s hav e bee n installe d in 
multifamil y house s durin g th e last five year s in Sweden . Th e outstandin g feature s of th e 
system s ar e th e flexibilit y an d th e larg e amoun t of conventiona l heatin g technolog y in 
th e system design . Measure d performanc e agree s with F-Char t calculations , an d F-
Char t could thu s b e use d to estimat e th e performanc e of thes e system s in differen t 
locations . Th e performanc e for  D H W system s in Goteborg , Swede n an d Madison , U.S. 
ar e show n as a n example . 

KEYWORD S 

Solar  heating , domesti c ho t water , measure d performance , F-Chart . 

INTRODUCTIO N 

Th e typ e of solar  heatin g system describe d in thi s pape r  is th e resul t of som e year s 
researc h an d developmen t on roof-integrate d collector s in combinatio n with a carefu l 
us e of conventiona l heatin g technology . Thi s system can be installe d in new-buil t or 
existin g multifamil y houses , an d it can b e combine d with man y type s of conventiona l 
heatin g such as oil, gas , electricity , wood-chips , etc . Th e reductio n of conventiona l 
heating , unde r  Swedish conditions , is abou t 10-40 %  dependin g on design an d 
characteristic s of th e load . 

Th e evaluatio n of thi s typ e of system cover s constructio n an d performanc e 
documentation , validatio n of design method s usin g measure d climat e an d actua l load 
profiles , as well as , simpl e an d realisti c performanc e estimation s for  ne w systems . 
Design an d measure d performanc e for  two systems , Asa an d Hammarkulle n 
(Dalenback , 1987), an d F-Char t calculation s for  th e Asa system (Dalenback , 1989) hav e 
bee n presente d earlie r  . Thi s pape r  include s mainl y a presentatio n of F-Char t 
calculation s for  th e Hammarkulle n system . 
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DESCRIPTIO N O F T H E OVERAL L SYSTE M 

Th e system in Hammarkulle n is designe d to pre-hea t domesti c ho t wate r  (DHW ) in two 
multifamil y house s with abou t 400 flats . Th e south-facin g roof s on th e house s ar e 
covere d with 1 527 m 2 (aperatur e area ) of roof-integrate d solar  collector s at 24° 
inclination . Th e collecto r  are a is divide d int o four  system s an d each system 
incorporate s a 20 m 3 wate r  storag e tank . Storag e tank s an d necessar y equipmen t ar e 
place d in smal l room s in connectio n to distric t heatin g sub-unit s in th e cellars . 

Th e installation s wer e mad e in connectio n to a retrofi t projec t in 1985. Th e mai n 
intentio n was to re-buil d th e roof s fro m flat to inclined . 

Domesti c ho t wate r  system 

Th e D H W system s ar e connecte d to heat-exchanger s of coppe r  in th e storag e tanks . 
Th e wate r  in th e tank s ar e heate d with th e collectors , an d th e D H W heat-exchanger s 
ar e connecte d so tha t th e cold wate r  suppl y inle t is in th e bottom , wher e th e collector s 
ar e connected . Th e ho t wate r  outle t is connecte d to distric t heatin g heat-exchanger s for 
supplementar y heating . 

A ver y simpl e contro l system with conventiona l thermostat s is used an d th e solar  D H W 
system doe s no t nee d an y specia l supervisio n in compariso n with a conventiona l heatin g 
system . 

Solar  Collector s an d Storag e Tank . 

Th e collector s consis t of selective Sunstri p absorber s unde r  a cover  of acrylic . 
Insulation , absorber s an d cover  ar e mounte d on th e roo f on top of a corrugate d shee t of 
aluminium . Th e connectin g pipe s ar e also mounte d on th e to p of th e sheet . Propylen e 
glycol is used as anti-freez e protectio n in th e pressurize d collector  circuit . 

A well insulate d pressureles s (atmospheri c pressure ) wate r  tan k is use d as short-ter m 
storage . Th e tan k is quadrangula r  an d buil t of steel-sheet s on site . Th e rati o betwee n 
th e widt h an d th e lengt h can var y dependin g on th e spac e available . Wall s ar e pu t up 
on th e ope n sides of th e tank , whe n th e constructio n of th e tan k is finishe d . Blocks of 
polyuretnan e ar e place d unde r  th e tan k an d th e space s betwee n th e tank , th e roo f an d 
th e wall s ar e filled with abou t 20 cm spray-polyurethane , all t o minimiz e cold bridges . 

Cost s 

Th e investmen t cost is abou t 2 000 S E K / m 2 (1 U S D = 6.0 SEK , Jun e 1990) includin g 
collectors , storag e tank , contro l an d overhead , which is promisin g low. Th e annua l ne t 
collecto r  yield is abou t 900 G J / m 2 in a system with bot h spac e heatin g an d DHW , solar 
fractio n of aroun d 20 % , an d abou t 1 400 G J / m 2 in a system providin g pre-heate d 
DHW , solar  fractio n of aroun d 40 % , unde r  Swedish conditions . 

T H E R M A L PERFORMANC E 

Th e annua l requiremen t for  D H W in 100 flat s wa s estimate d t o 1 030 GJ . System 
analysi s an d design studie s for  Hammarkulle n wer e mad e with a simulatio n mode l 
called "SUNSYST * (Bernestal , et.al , 1985) an d th e contributio n fro m th e solar  system 
wa s estimate d to 480 GJ , which is 47 % . 
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Measure d performanc e 1986-89 

Measurement s in Hammarkulle n durin g 1986-89 show tha t th e annua l D H W load is 
twice as larg e as expecte d an averag e year . Thi s is mainl y du e to th e fact tha t th e 
occupanc y is highe r  tha n expected . Th e solar  fractio n is followingly lower  the n 
expected , abou t 30 %  as an average . Th e solar  yeild is as expecte d for  th e design load , 
which actuall y mean s tha t it is over  estimated . Measure d performanc e for  uni t no . 39 is 
shown as exampl e (Fig . 1). 
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Fig . 1. Measure d performanc e 1989, Hammarkulle n n o 39. 

F-Char t calculation s 

Th e F-Char t progra m ha s the n bee n used to calculat e th e performance , usin g averag e 
year  load an d climate . Th e parameter s used in F-Char t wer e firs t calibrate d to fit th e 
measure d performanc e durin g month s tha t wer e regarde d as averag e months . Th e 
resul t is that , even thoug h th e rea l system configuratio n differ s fro m th e system tha t F-
Char t models , a good agreemen t was obtained . Th e calibrate d parameter s agree s with 
estimate d parameter s base d on th e measurements . 
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DISCUSSIO N 

Th e evaluatio n shows tha t F-Char t can b e used to estimat e th e annua l performanc e of 
thi s typ e of solar  system with reasonabl e precision . T o kno w or  estimat e th e size of th e 
load accuratl y is, however , ver y essentia l t o mak e a prope r  ratin g of thes e systems . Th e 
performanc e of a solar  system is ver y sensitiv e to a correc t estimatio n of th e load . 

Othe r  designs , climate s an d load profile s 

Th e evaluate d system s ar e characterize d by system F R( ra ) of 0.7 an d F RU . of 5.0 
(W/m 2,C) . Fig. 2. shows th e calculate d averag e solar  fractio n (base d on th e evalutio n in 
Hammarkullen) , as a functio n of system size, for  a 2 000 GJ  D H W load in Goteborg . 

Ther e is reaso n to believe tha t futur e system s will b e improve d to hav e th e sam e F R( ra ) 
an d F p U L of 3.0, by improvin g th e selective propertie s of th e absorbe r  an d addin g a 
convectio n barrie r  (TPF E foil) in th e collector . Th e resul t of such an improvemen t is 
shown in Fig. 2. 
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Fig. 2. Solar  fractio n as a functio n of system size for  a D H W 
system . Hammarkulle n load profil e - straigh t lines , 
constan t load profil e - dotte d lines . 
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Ther e is furthe r  reaso n to belive tha t th e annua l D H W load profil e would effect th e 
performanc e of th e system . Fig. 2. shows tha t th e effect is rathe r  small , assumin g tha t 
th e annua l D H W load (in GJ ) is th e same . Th e compariso n cover s an existin g load 
profil e fro m Hammarkulle n (simila r  to Fig. 1.) an d a constan t load profile . 

Also shown in Fig . 2. is th e improvemen t in performanc e going fro m a Swedish climat e 
t o th e mor e sunn y climat e in Madison , USA. Takin g economic s int o accoun t gives an 
optimu m solar  fractio n aroun d 40 %  for  sout h Swede n an d 65 %  for  Madison . 

F-Char t 

Th e system parameter s used hav e bee n validate d with F-Chart , usin g measure d monthl y 
solar  radiation , ambien t temperatur e an d loads , for  a numbe r  of system s an d years . 
Preliminar y result s for  th e Asa an d Hammarkulle n system s ar e shown in Fig . 3. Asa is 
designe d for  bot h spac e heatin g an d D H W preparatio n an d Hammarkulle n for  D H W 
preparatio n only. 

SOLA R FRACTIO N 

1 ~] 

0.8 

Ç 

A 

R 

Ô 

0.6 

0.4 

0.2 Ç Ä 
Ä, 

Hammarkulle n  - UC 39 -1986,88,8 9 

As a  1985/86-1987/8 8 

Ä 

Ë 

Ä ^ 

4\ 

Ä , 

— é— 

0.2 0.4 0.6 

M E A S U R E D 

— é— 

0.8 

Jan-Jun e  Ä 

July-De c  > 

Yea r % 

Helplin e  — 

Fig . 3. Measure d an d calculate d solar  fraction s in 
Hammarkulle n an d Asa . 

Th e compariso n betwee n F-Char t calculation s an d measurement s is base d on a monthl y 
compariso n of th e solar  fraction . On e could imagin e tha t thi s procedur e would not 
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mak e sence , as F-Char t is base d on averag e month s an d symmetrica l days . However , 
th e agreemen t is good excep t for  som e month s with a larg e deviatio n fro m th e averag e 
solar  radiation . 

Ther e is howeve r  on e cumbersom e observatio n in almos t al l cases . F-Char t slightl y 
overestimate s th e performanc e in th e sprin g an d underestimate s it in th e autumn . 
Ther e is, so t o speek , som e hysteresi s in th e comparison . 

On e explanatio n could b e tha t ther e is a differenc e betwee n ho w F-Char t calculate s 
solar  radiatio n on a tilte d surfac e an d th e rea l solar  radiatio n on th e collector . In tha t 
cas e F-Char t migh t includ e statistica l parameter s no t exactl y valid for  th e climat e on th e 
Swedish westcoas t (Beckma n et al , 1984). On e thin g tha t migh t confir m thi s 
observatio n is tha t ther e is th e sam e differenc e betwee n th e design s (Bernesta l et al , 
1984 an d Olsson , 1985), which ar e base d on Swedish climat e statistics , an d F-Char t 
results . 

Th e f-char t metho d was presente d alread y in 1977 (Beckma n et al , 1977). It is a simpl e 
metho d requirin g only monthl y averag e meteorlogica l dat a which can b e used to 
estimat e th e long-ter m therma l performanc e of solar  heatin g system s as a functio n of 
th e majo r  system design parameters . Thi s pape r  is base d on calculation s with th e F-
Char t progra m packag e (P C versio n 5.6), with th e ne w U,f-char t metho d (Beckma n et al , 
1980). 
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ABSTRACT 

In the System Test Facility of TNO 7 combinations of SDHW's and auxiliary heaters 
are tested. The aim of this test was to investigate the interaction between SDHW and 
auxiliary heater (AH) and to estimate the yearly energy saving potential of each combi -
nation. In close co-operation with 2 manufacturer system combinations were installed 
and prior to the actual test all control systems were checked and in some cases impro-
ved. It turned out that most combinations performed less good as expected. The main 
reasons were found in avoidable heat losses, rather high tapwater outlet temperatures 
and moderate efficiency of the AH. 

KEYWORDS 

Solar domestic hot water systems; auxiliary heaters; dynamic performance testing; con-
trol systems. 

INTRODUCTION 

During the stage of development most Dutch SDHW systems are indoor tested using 
solar simulator of TNO. The applied test procedure results in the main parameters of 
the concerned system. This information for the manufacturers gives necessary feed-
back to their development activities. However, to estimate the solar contribution of the 
SDHW or the yearly energy saving an indoor test is not sufficient. In order to determi-
ne these values the dynamic outdoor behaviour of the total combination SDHW and 
AH has to be investigated. Up till now experimental results about several possible com-
binations were lacking. For that reason a side by side test of 7 SDHW/AH combina-
tions is performed. The combinations were choosen to be typical for the Dutch market. 
This was realized by inviting both installers and utilities -involved in renting out 
SDHW systems to users- to propose the combinations to be tested. This involvement of 
market parties increases the applicability in practice of the results and promotes the 
tranfer of knowledge about solar systems. 
Therefore the test aimed at a more broad set of results than merely the dynamic beha-
viour of the combinations. The following aims were defined: 

the technical realization of the SDHW/AH systems; 
the detection of failures; 
the evaluation of the control systems; 
the prediction of the energy saving. 
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TH E INVESTIGATE D SYSTEM S 

Based on th e informatio n fro m installer s an d utilitie s 7 combination s wer e selected . Th e 
combination s can be divide d int o two groups . In th e firs t typ e of system combination s 
th e SDH W act s as a separat e preheater . Figur e 1. shows th e schemati c outlin e of thi s 
typ e of combinations . For  all system s in thi s grou p a gas auxiliar y heate r  is applied . 
Thi s heate r  is eithe r  a combine d centra l spac e and tapwate r  heate r  or  a geyser . 

Th e second grou p is forme d by SDHW system s which include d a so-called hot-top . 
Thi s integrate d typ e of system s is outline d in figur e 2. Th e hot-to p is eithe r  heate d 
electrica l or  gas centra l heated . In tabl e 1 the combination s ar e summarized . 

Tabl e 1 Teste d SDHW/A H combination s 

comb .  n o comb ,  typ e typ e  o f  SDH W typ e  o f  A H 

1 preheate r l 1 comb ,  central/tapwate r 

2 preheate r 2 2 comb ,  central/tapwate r 

3 preheate r 2 geyse r 

4 integrate d 1 centra l  heate r 

5 integrate d 2 centra l  heate r 

6 integrate d 1 electrica l  heater 3 

7 integrate d 1 electrica l  heater 4 

collector  are a 2.6 m 2; mante l heatexchange r  in primair y circuit ; 
solar  storag e 120 1. 
collector  are a 2.5 m 2; helix heatexchange r  in primair y circuit ; 
solar  storag e 100 1. 
switche d on durin g nigh t rate ; hot-to p setpoin t 85°C 
hot-to p setpoin t 65°C; used also da y rat e electricit y if hot-to p 
temperatur e falls below 40°C 

Figur e 1. Preheate r typ e Figur e 2. I n t e g r a t e d t y p e 
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EXPERIMENTAL SET-UP 

The installers of type 1 and 2 SDHW systems were invited to install the 7 combinati -
ons in the System Test Facility of TNO. An additional reference system consisting of a 
central heater combined to a tapwater storage of 80 litres was installed as well. All 
combinations were equiped with sensors for the measurement of temperatures, flows 
and control signals. 
From all systems hot water was automatically tapped 5 times a day by withdrawing 
each time 4.6 MJ. So the total daily tapwater draw-off corresponded to 23 MJ being 
the equivalent of heating 110 litres of water from 15°C to 65°C. The withdrawal of a 
fixed amount of heat instead of a fixed amount of hot water is in our point of view a 
more realistic simulation of the use in practice. Moreover in this way the interaction 
between SDHW and AH will effect the systems energy consumption and gives therefo-
re information about the best combinations. The experiment was carried on during 4 
weeks. 

RESULTS 

Technical realization 

In general the technical realization of the systems were judged as good. However, it 
was observed that most systems would suffer from avoidable heat losses. In many 
cases connections to the hot-top were rather poor insulated as well as the hot-top itself. 
Moreover it was recommended to the manufacturers to replace the hot water outlets 
from the top of the storage to those storage regions which have lower mean temperatu-
res. 

Failures 

During 4 weeks in wintertime all systems were turned off. After starting up the sys-
tems again 3 collectorpumps from SDHW type 1 did not function properly. This may 
be caused by calcereous deposits due to occasionally filling up the primairy circuit 
from which water can evaporate. This may be a weak point in the design of the drain-
down system of this SDHW. 
Although only a simple action was needed to bring the pump into operation again, 
users in practice possibly would not notice this failure immediately. 
Other failures were not observed during the test period. 

Control systems 

Prior to and during the test period the actions of the control systems were monitored 
and compared to the specified performance. In the first place the tapwater outlet tempe-
ratures of the combinations were investigated. It turned out that all systems with a gas 
central heater produced outlet temperatures in the range of 60°C and 70°C. Although 
this temperature level is preferable with respect to comfort aspects, a decrease of 10°C 
would significantly increase the solar contribution. 
The combination with the geyser auxiliary produced tapwater with a temperature of 
55°C. 
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For  th e electrica l heate d hot-to p system s a rathe r  high temperatur e setpoin t is necessar y 
becaus e nigh t rat e electricit y is used and th e heatin g power  of th e heater s ar e limited . 

A second poin t of interes t is th e numbe r  of heatin g cycles of th e gas auxiliarie s to hea t 
th e hot-top . Theoreticall y thi s numbe r  ha s to be lower  or  equa l to th e numbe r  of tap -
wate r  withdrawals . However , for  bot h th e mentione d hot-to p system s and th e referenc e 
storag e system a dail y mea n numbe r  of 8 cycles was examined . Thi s will hav e a nega -
tive influenc e on the burne r  efficiency. 

Mor e extensivel y th e temperatur e differenc e controller s of th e SDHW system s wer e 
investigated . It was observe d tha t th e controller s of th e two SDHW system s showed a 
completel y differen t behaviour . Th e controlle r  of typ e 1 switche d on and off th e pum p 
too frequently , while in contrar y the one of typ e 2  switche d too less. In orde r  to deter -
min e th e cause s of thi s behaviou r  th e accurac y of bot h th e hardwar e of th e controller s 
and th e measurin g metho d was analysed . 
It was conclude d tha t fro m th e two contoller s bot h th e device and th e sensor s showed 
a satisfyin g accuracy . However , the measurin g metho d e.g. th e plac e and connectio n of 
th e sensors , introduce d big discrepancie s betwee n th e actua l temperatur e difference s of 
inlet and outle t of th e collector  and measure d difference s by th e controller . Prio r  to test 
perio d a numbe r  of recommendation s to improv e th e controlle r  action s wer e implemen -
ted in th e system s by th e manufacturers . 

Energ y savin g 

Th e measure d dat a fro m the 7 SDHW/A H combination s was evaluate d with help of the 
STF-metho d which is develope d by TNO (De Geus , 1987). Thi s resulte d in typica l cha -
racteristic s for  th e severa l component s and th e tota l SDH W systems . Thes e characteris -
tics describ e efficiencies for  dynami c operatio n condition s as a functio n of the dimensi -
onless climatologica l paramete r  Qsun/Qload . Th e efficiencies of th e auxiliarie s wer e 
determine d as a functio n of th e dail y contributio n to the tapwate r  heating . 
Based on thes e genera l characteristic s yearl y energ y consumption s wer e estimate d for 
all 7 combinations . Mor e interestin g however  would be to kno w wha t amoun t of ener -
gy can be saved by th e severa l combinations . To determin e thos e energ y saving s the 
definitio n of referenc e energ y consumption s is required . Thes e reference s wer e define d 
as follows: 

th e preheate r  type s hav e to be compare d to th e energ y consumptio n of th e 
most efficient combine d centra l and tapwate r  gas heater . 
th e integrate d type s usin g a gas auxiliar y hav e to be compare d to th e above -
mentione d referenc e system (centra l heater-storag e combination ) 
the integrate d type s usin g electricit y for  heatin g the hot-to p hav e to be compa -
red to th e well-know n electrica l storag e heaters . 

Th e derive d yearl y energ y savin g figure s ar e summarize d in tabl e 2 . 
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Table 2 Reference yearly energy consumption and energy saving for the 7 tested com-
binations. 

comb .  n o typ e  o f 
SDHW 

re f 
(m3 

energ y consumptio n 
natura l  gas )  (kWh-e ) 

energ y savin g 
(%) 

1 1 38 0 43 
2 2 38 0 41 
3 2 38 0 31 
4 1 42 2 39 
5 2 42 2 23 
6 1 256 5 39 
7 1 256 5 51 

From these results the following conclusions were drawn. 
The reached energy saving by the combinations were lower than an expected 
value of 50% based on model calculations. 
The preheater types performed better than the integrated types. The main reason 
was found in avoidable losses from the hot-top. The difference in energy sa-
ving of the combinatios 6 (hot-top temperature 85°C) and 7 (65°C) proves this 
effect. 
The combinations proposed and installed by manufacturer 1 showed in general 
a better performance man the combinations of 2. This is caused by a somewhat 
bigger collector area, a better collector efficiency and a bigger solar storage. 
The extremely low performance of combination 5 was due to the low-flow in 
the primairy circuit without optimizing the collector and heatexchanger for such 
a flow. 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

This investigation showed clearly that the actual energy saving of a SDHW heavily 
depend on the performance of the total combination of SDHW and auxiliary heater. 
Experiments under dynamic conditions for both irradiance and tapwater withdrawal are 
necessary to investigate the interaction between SDHW and auxiliary heater and to 
check the control systems. 

In order to market reliable combinations with an optimized energy saving potential the 
following recommendations has to be taken into account by the manufatures and instal-
lalers. 

Improve insulation in particular for the integrated types. 
Install in SDHW system 1 a system to detect pump failure or redesign the 
primairy circuit to avoid calcereous deposit. 
Choose a lower tapwater outlet temperature in order to maximize the solar 
contribution. 
Improve the auxiliary control for hot-top heating in order to minimize the num-
ber of burner cycles. 
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Improve the accuracy of the pump control systems or replace existing types by 
irradiance-level controllers. 
Improve the general performance of SDHW system 2. 
With respect to optimized energy saving install combinations of the preheater 
type using gas auxiliaries with a high performance, electronic ignition and a 
tapwater outlet temperature of 55°C. 
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ABSTRAC T 

Th e o b t a i n i n g o f m e t a l l i c a m o r p h o u s r i b b o n s b y m e t h o d o f 
s p i n n i n g * i t h u s i n g o f c o n c e n t r a t e d s o l a r  e n e r g y a r e d e s c r i -
b e d . 

KEYWORD S 

S o l a r  e n e r g y , m e t a l l i c a m o r p h o u s m a t e r i a l s , s p i n n i n g . 

M e t a l - a m o r p h o u s m a t e r i a l s a r e u s e d i n t h e f i e l d o f e l e c t r i c 
e n e r g y c o n v e r s i o n , i n t e c h n i q u e s o f m a g n e t i c an d v i d e o r e c o r d -
i n g , e l e c t r o m a g n e t i c p r o t e c t i o n an d a s c o r r o s i o n - p r o o f a n d r a -
d i o r e s i s t a n t m a t e r i a l s a s w e l l . 

A g r a d u a l t r a n s i t i o n i s o b s e r v e d i n t h e r e s e a r c h o f m e t a l -
a m o r p h o u s m a t e r i a l s f r o m t h e f i e l d o f p u r e s c i e n c e t o t h a t o f 
t e c h n o l o g y . Th e i n v e s t i g a t i o n i s a i m e d a t o b t a i n i n g m a t e r i a l s 
u n d e r  c e r t a i n c o n d i t i o n s an d i n n e e d e d q u a n t i t y t o p r o d u c e v a -
r i o u s c l a s s e s o f d e v i c e s a n d a r t i c l e s . P a s t q u e n c h i n g o f l i -
q u i d a l l o y i s m o s t commonl y u s e d o f v a r i o u s m e t h o d s f o r  o b t a -
i n i n g m e t a l - a m o r p h o u s m a t e r i a l s . Th e t e c h n i q u e c o n s i s t s i n r a -
p i d t r a n s f o r m a t i o n o f a l i q u i d jet  t o a t h i n l a y e r  on t h e m e -
t a l s u r f a c e a n d i n t h e q u e n c h i n g o f t h i s l a y e r  a t a s p e e d o f 
a b o u t 1 0 ° ê / s m a i n l y d u e t o h e a t c o n d u c t i o n . 

Th e m e t h o d o f s p i n n i n g b a s e d on p o u r i n g o u t a j e t o f m e l t e d 
a l l o y o n t o t h e o u t e r  c y l i n d r i c a l s u r f a c e o f a d i s k r e v o l v i n g 
a r o u n d a h o r i z o n t a l a x i s i s amon g t h e s i m p l e s t a n d m o s t p r o d u -
c t i v e o n e s . Th e t e c h n i q u e i s u s e d t o p r o d u c e m e t a l a m o r p h o u s 
s t r i p s 1 - 2 t o 1 0 0 mm v i i d e ( D a v i s , 1 9 8 3 ) · Th e o u t p u t o f s u c h 
d e v i c e s i s d e t e r m i n e d b y t h e s t r i p p r o d u c t i o n s p e e d r e a o h i n g 
a fer n k i l o m e t e r s p e r  m i n u t e ( P o l k e t a l . , 1 9 8 4 ) · 
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The  dis k rotationa l  spee d i s  3 -20 th s  revs/min .  Th e  dis k (it s 
diamete r  bein g 200-400 mm)  i s  usuall y  mad e  o f  a  hig h heat -
conductiv e  material ,  coppe r  fo r  example .  T o obtai n a  bette r 
contac t  betwee n th e  quenche d mel t  an d th e  dis k cylindrica l  sur -
fac e  th e  latte r  i s  polished .  Wate r  coolin g i s  use d t o  incre -
as e  th e  dis k hea t  capacity .  Th e  liqui d allo y coolin g spee d 
i s  1è 6 K/s . 

The  techniqu e  ma y b e  use d t o  produc e  sof t  magnetic ,  har d mag -
netic ,  corrosion-proo f  an d othe r  material s  i n  th e  for m o f  a 
strip .  Usuall y a n  inducto r  supplie d wit h a  high-frequenc y po -
werfu l  generato r  i s  use d a s  a  heatin g source .  Bu t  whe n labora -
tor y researc h need s  a  smal l  amoun t  o f  metal-amorphou s  materi -
al ,  th e  us e  o f  suc h source s  i s  doubtfull .  Th e  author s  succee -
de d i n  applyin g a  combinatio n o f  th e  devic e  fo r  spinnin g an d 
heatin g plant s  utilizin g ar c  xeno n lamp s  an d th e  Sun . 

Sola r  heatin g ha d bee n use d befor e  t o  obtai n certai n  oxid e 
system s  i n  a  metastabl e  conditio n (Asimo v e t  al. .  1983 ,  Lopa -
t o e t  a l . t 1981 ,  Rewcolevsch i  e t  al. .  1975) ·  Th e  mechanica l 
par t  o f  th e  devic e  wa s  base d o n th e  "hamme r  an d avil "  prin -
cipl e  wher e  th e  liqui d allo y dro p wa s  flattene d betwee n tw o 
heat-conductin g surfaces .  Th e  wor k o f  thi s  low-productiv e  de -
vic e  resulte d i n  a  thi n oxid e  fil m o f  heterogeneou s  structur e 
wit h amorphou s  an d crystallin e  phase s  availabl e  simulta -
neously .  Applicatio n o f  th e  spinnin g metho d t o  obtai n metal -
-amorphou s  material s  unde r  sola r  heatin g i s  on e  mor e  ste p o n 
th e  wa y o f  effectiv e  utilizatio n o f  sola r  energ y i n  th e 
amorphou s  materia l  productio n process . 

Mai n productio n operation s  wer e  studie d unde r  laborator y 
condition s  i n  th e  "Uran-I "  unit .  Whe n workin g wit h radian t 
heatin g source s  unde r  eart h  condition s  principa l  difficultie s 
consis t  i n  spatia l  arrangemen t  o f  th e  syste m component s  wher e 
i t  i s  necessar y firs t  o f  al l  t o  tak e  int o accoun t  th e  dire -
ctio n o f  gravit y  whic h determine s  t o  a  considerabl e  exten t  th e 
directio n o f  th e  poure d ou t  jet ,  o n th e  on e  hand ,  an d th e 
mirro r  heate r  element s  formin g a  high-densit y  radian t  energ y 
regio n aroun d th e  focus ,  o n th e  other .  Whe n heate d b y xeno n 
lamp s  an d th e  Su n th e  startin g materia l  wa s  i n  a  one-sid e  sol -
dere d quart z  tub e  wit h th e  outsid e  diamete r  u p t o  1 0 m m an d 
wal l  thicknes s  abou t  1  mm.  I n th e  soldere d botto m ther e  wa s 
a n orific e  1- 2 m m i n  diameter .  Th e  meltin g poin t  o f  th e  use d 
PeCoNiSi B an d PeCoSi B alloy s  i s  no t  highe r  tha n 147 3 K ,  the -
refor e  thei r  meltin g di d no t  destruc t  th e  transparen t  quart z 
container .  Th e  liqui d allo y wa s  blow n ou t  b y argo n unde r  a 
pressur e  o f  2 0 kP a  ont o th e  dis k cylindrica l  surface . 

The  mirro r  paraboli c  concentrato r  wit h a  1500 m m diameter , 
650 m m foca l  distanc e  an d a  foca l  spo t  o f  6 m m i n  diamete r  wa s 
use d fo r  heatin g th e  alloy s  b y sola r  radian t  energy .  Insid e 
th e  paraboloi d ther e  wa s  a  fixe d moto r  fo r  rotatin g th e  alu -
miniu m dis k t o  100 m m i n  diamete r  b y mean s  o f  a  direc t  curren t 
sourc e  place d o n a n externa l  turnin g platform .  Th e  dis k po -
lishe d cylindrica l  surfac e  t o  15 m m wid e  wa s  water-coole d 
fro m within .  Th e  dis k rotatio n spee d wa s  no t  highe r  tha n 
3000 revs/min .  Th e  quart z  tub e  wit h th e  startin g allo y wa s 
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fixe d perpendicularl y  t o  th e  dis k cylindrica l  surfac e  i n  suc h 
â  positio n tha t  th e  lone r  par t  o f  th e  tub e  an d it s  but t  en d 
wit h th e  orific e  fel l  withi n th e  regio n o f  th e  foca l  spot . 

The  startin g PeCoNiSi B an d PeCoSi B alloy s  wer e  melte d fo r 
1- 2 mi n an d blow n ou t  b y argo n unde r  a  pressur e  u p t o  2 0 kPa . 
The  sola r  plan t  operate d i n  a n automati c  regim e  o f  th e  Su n 
tracking ,  tha t  wa s  responsibl e  fo r  stabilit y  o f  heating . 

Strip s  1  m m wid e  an d t o  5 0 u m thic k wer e  obtained .  The y wer e 
expose d t o  a  differentia l  therma l  analysis .  Durin g isochro -
na l  heatin g i n  vacuu m a t  a  rat e  o f  5  K/mi n th e  release d hea t 
correspondin g t o  th e  transitio n t o  a  crystallin e  stat e  withi n 
a  831-86 8 Ê  rang e  wa s  observed .  I t  i s  clos e  t o  th e  correspond -
in g value s  fo r  commercia l  metal-amorphou s  strip s  o f  th e  sam e 
composition .  X-ra y diffractio n analysi s  o f  th e  obtaine d strip s 
was  mad e  i n  Cr K radiation .  Th e  startin g allo y i n  a  cry -
stallin e  stat e  wa s  use d a s  a  primar y standard .  Th e  diffractio n 
pattern s  showe d th e  absenc e  o f  a  crysta l  phas e  i n  th e  obtaine d 
strips . 

The  suggeste d technique s  fo r  productio n o f  metal-amorphou s 
material s  b y mean s  o f  concentrate d sola r  energ y ar e  mor e  advan -
tageou s  economicall y  a s  compare d wit h th e  routin e  one s  base d 
on a  mor e  expensiv e  inductio n heating .  Th e  advantage s  ar e 
especiall y  effectiv e  fo r  th e  Eart h region s  wher e  ther e  ar e  ma -
ny sunn y day s  i n  a  yea r  an d fo r  oute r  space . 

The  one-ste p proces s  fo r  productio n o f  strip s  fro m melt s  ha s 
technologica l  advantages .  Th e  spinnin g devic e  wit h th e  sola r 
energ y concentrato r  wil l  permi t  obtainin g metal-amorphou s 
material s  fro m melt s  o f  system s  containin g refractor y metal s 
an d metal s  wit h hig h affinit y  fo r  oxygen .  Serv o system s  ca n 
maintai n th e  continuit y  o f  heatin g fo r  th e  cruicibl e  wit h th e 
startin g alloy .  Th e  for m o f  th e  directe d pourin g ou t  je t  an d 
th e  mel t  pourin g ou t  itsel f  wit h th e  gravit y  absen t  wil l  b e 
provide d b y a  smal l  pressur e  o f  th e  iner t  ga s  i n  a  close d 
cruicible .  I n  thi s  cas e  ther e  wil l  b e  n o ga s  loss .  Th e  poure d 
ou t  je t  doe s  no t  practicall y  produc e  a  brakin g effec t  o n th e 
rotatin g disk ,  therefor e  a  powerfu l  moto r  i s  no t  needed .  Th e 
us e  o f  sola r  energ y fo r  rotatin g th e  dis k make s  i t  possibl e 
t o  creat e  a  self-containe d productio n proces s  fo r  metalli c 
an d metal-amorphou s  material s  i n  th e  for m o f  strips .  Th e 
obtaine d material s  ma y b e  use d righ t  awa y fo r  scientific-and -
-technologica l  researc h an d practioa l  purposes . 
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ABSTRACT 

Th e  hug e  increase s  i n  oi l  price s  sinc e  197 3 virtuall y  guarante e 
t h a t th e  majo r  portio n o f  th e  worl d wil l  neve r  driv e  mos t  o f 
it s  e n e r9 Y fro m petroleu m .  Thus ,  ne w energ y source s  shoul d b e 
widel y sough t  a s  replacement s  fo r  conventiona l  ones .  Adde d t o 
thi s  a re th e  fastl y  growin g problem s  o f  environmenta l  pollutio n 
an d lastl y  th e  up-t o dat e  proble m o f  th e  ozon e  layer .  Thus ,  ne w 
ene r <? Y source s  wil l  ac t  a s  a  two-blade s  weapo n bot h fo r 
satisfyin g th e  increasin g huma n energ y demand s  an d fo r  minimiz -
in g th e  environmenta l  pollution .  Puttin g i n  min d tha t  th e  huma n 
bein g i s  th e  mai n constituen t  o f  an y communit y hi s  vita l 
requirement s  t o  surviv e  ar e  studied .  Thes e  requirement s  ar e 
food ,  housin g an d transportation .  Next ,  a n attemp t  i s  mad e  t o 
satisf y thes e  requirement s  partiall y  o r  totall y  b y sola r 
energy« Thi s  i s  illustrate d throug h a  flo w diagra m describin g 
bot h th e  energ y requirement s  an d th e  suitabl e  way s  t o  satisf y 
i t  . 

KEYWORDS 

Sola r  energy ,  e n v i r o n m e n t/  fossi l  fuels ,  energ y requirement s 

INTRODUCTION 

Fue l  an d electricit y  prices ,  alread y a t  recor d highs ,  ar e  see n 
t o  doubl e  agai n i n  th e  nex t  fe w year s  (Smit h an d Fazzolar e  , 
1980) .  Thus ,  energ y conservatio n offer s  a  wa y t o  significantl y 
r e d u ce facilit y  operatin g costs . 

One  wa y o f  energ y conservatio n i s  changin g t o  othe r  energ y 
modes .  Ne w technolog y i s  availabl e  fo r  man y industria l  process -
e s  ,  fo r  heatin g an d coolin g buildings ,  fo r  lightin g an d 
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a g r i c u l t u r e  .  N e w t e c h n o l o g y i s  u r g e n t l y  n e e d e d fo r  e n e r g y 
e f f i c i e n t  t r a n s p o r t a t i o n .  U n r e s o l v e d a r e  t h e  i s s u e s  o f  h o w b e s t 
t o  e d u c a te a n^  i n f o r m t h e  p u b l i c ,  e s p e c i a l l y  i n  t h e  T h i r d 
W o r l ^ '  an d t o  i n s t a l l  n e w v a l u e s  a p p r o p r i a t e  fo r  t h e  f u t u r e . 

T h e  s o l a r  c o m m u n i t y i s  a  n e w c o m m u n i t y s u g g e s t e d s u c h t h a t  m o s t 
o f  i t s  e n e r g y r e q u i r e m e n t s  c a n b e  f u l f i l l e d b y s o l a r  e n e r g y . 
T h e r e f ° r e t h e  m a i n c o n s i d e r a t i o n s  t a k e n i n t o a c c o u n t  h a v e  b e e n 
t o  m e e t  a l l  t h e  e n e r g y n e e d s  o f  t h e  c o m m u n i t y t h r o u g h l o c a l l y 
a v a i l a b l e ,  r e n e w a b l e  a n d n o n - p o l l u t i n g s o u r c e s . 

H U M AN S U R V I V A L R E Q U I R E M E N TS A N D M O D ES 
OF S O L A R E N E R G Y U T I L I Z A T I O N I N E A C H 

s p e c i a l l y  s p e a k i n g ,  t h e  b a s i c  r e q u i r e m e n t s  o f  a  h u m a n b e i n g a r e 
f o o d ,  h o u s i n g a n d t r a n s p o r t a t i o n .  M o d e s  o f  u t i l i z i n g s o l a r 
e n e r g y i n  e a c h o f  t h e s e  r e q u i r e m e n t s  a r e  s t u d i e d i n  d e t a i l  an d 
a r e  i l l u s t r a t e ^  i n  F i g .  1 . 

1 .  F o o d : 

T h e  foo d r e q u i r e d fo r  h u m a n b e i n g s  m a y b e  o f  p l a n t  o r i g i n o r 
o f  a n i m a l  o r i g i n . 

F o o d o f  P l a n t  O r i g i n :  I n  a  h i g h l y p o p u l a t e d w o r l d ,  p r a c t i c a l 
w a y s  o f  s a n i t a r i l Y p r e s e r v i n g f o o d s  w o u l d b e  w e l c o m e d ,  y e t 
e s p e c i a l l y  i n  t h e  l a s t  2 0 y e a r s ,  t h e  c h a r g e s  fo r  f o s s i l  f u e l s 
an d t h e  p r o s p e c t  ° f  d e p l e t i o n a n d s c a r c i t y  o f  t h e s e  f u e l s  h a v e 
d r a w n i n t e r e s t s  b a c k t o  s o l a r  d r y i n g i n s t e a d o f  s u c h l a r g e 
s c al e ,  e n e r g y c o n s u m i n g s y s t e m s .  B e s i d e s  o b t a i n i n g c l e a n s o l a r -
d r i e d p r o d u c t s ,  t h e r e  e x i s t s  l a r g e  r e s e m b l e n c e  w i t h n a t u r a l 
d r y i n g i n t a s t e ,  a p p e a r a n c s ,  an d o d o u r  w h i c h a r e  i m p o r t a n t 
f a c t o r s  i n  m a r k e t t i n g an d s e l l i n g t h e  p r o d u c t s .  D i f f e r e n t 
d e s i g ns fo r  s o l a r  d r i e r s  w e r e  d e v e l o p e d b y t h e  a u t h o r  (  T a y e b 
8 1 ,  8 2 ,  8 3 a ,  8 6 ,  83 b ) .  A m o n g t h e s e  d e s i g n s  a r e : 
1 .  S o l a r  c a b i n e t  d r y e r  2 .  M i x e d m o d e  d r y e r 
2 .  S o l a r  c o l l e c t o r  d r y e r  4 .  R o t a r y s o l a r  d r y e r ,  an d 
5 .  S o l a r  f l u i d i z a t i o n d r y e r . 

T h e  f i r s t  t h r e e  d e s i g n s  w e r e  u s e d fo r  d r y i n g g r a p e ,  f i g , 
a p r i c o t ,  a p p l e ,  c a r r o t ,  p o t a t o ,  o n i o n ,  g a r l i c ,  t o m a t o ,  p a r s l e y 
an d s p i n a c h .  T h e  l a s t  t w o d e s i g n s  w e r e  u s e d fo r  d r y i n g d i f f e r e -
n t  g r a i n s ,  s e s a m e  an d p e a n u t . 

Foo d P r o c e s s i n g ;  T h e  n e x t  c o m p e t i t i v e  t e c h n i q u e  t h a t  f o l l o w s 
d r y i n g i s  foo d p r o c e s s i n g t h r o u g h c a n n i n g ,  s t e r i l i z a t i o n o r 
o t h e r s .  T h e  m o s t  i m p o r t a n t  s u p p l y fo r  t h e s e  p r o c e s s e s  i s  ho t 
w a t e r  u p t o  70 °  w h i c h ca n e a s i l y  b e  o b t a i n e d f ro m s o l a r  w a t e r 
h e a t e r s . 

S p l a r  W a t e r  H e a t e r s :  A r e  k n o w n t o b e  t h e  l e a s t  p o l l u t i n g an d 

l e s s  e x p e n s i v e  w a y o f  h e a t i n g w a t e r .  I t  c a n s u p p l y h o t  w a t e r 
b o t h fo r  i n d u s t r i a l  p r o c e s s i n g s t e p s  an d fo r  d o m e s t i c  u s e s . 

G r e e n H o u s e s :  T o g u a r a n t e e  a  m o r e  o r  l e s s  s e l f  s u f f i c i e n t  s o l a r 
c o m m u n i t y w i t h r e s p e c t  t o  foo d r e q u i r e m e n t s ,  g r e e n h o u s e s  a r e 
i n t r o d u c e d i n t o a g r i c u l t u r e .  I t  h a s  b e e n f o u n d t h a t  u s i n g t h i s 
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t e c h n i q u e  i n  a g r i c u l t u r e  c o u l d i n c r e a s e  t h e  p r o d u c t i o n o f 

c u c u m b e r s  a n d t o m a t o e s  f i v e  f o l d s (  P e r e r a  198 0 ) . 

F o o d f r o m A n i m a l s ;  A  s u i t a b l e  n u m b e r  o f  a n i m a l s , c o w s ,  b a f f a l o w s 

a n d c h i p s  c o u l d b e  g r o w n u p i n  t h e  p r e s e n t  s o l a r  c o m m u n i t y . 
T h e s e  a n i m a l s w o u l d s u p p l y t h e  n e c e s s a r y r e q u i r e m e n t s  o f  m e a t 
a n d m i l k a n d i t s  p r o d u c t s .  T h e  foo d r e q u i r e d f o r  t h e s e  a n i m a l s 
m a y b e  f r e s h o r  a s  d r i e d f e e d .  T h e  d r i e d f ee d c a n b e  g o t  f r o m 
o n e  o f  t h e s e s o u r c e s  a f t e r  s o m e  a d d i t i o n s : 
1 .  S c r a p s  f r o m d r y i n g f r u i t s  a n d v e g e t a b l e s 
2 .  W e t  v e9 et a b l e  w a s t e s  f r o m c a n n i n g a n d o t h e r  p r o c e s s e s ,  a n d 

3 .  R e j e c t  m a t e r i a l  f r o m s o r t i n g m a c h i n e s  i n  a  d r y i n g o r  c a n n i n g 

p l a n t  . 

B i o - F u e l s :  W h e n g r o w i n g u p a n i m a l s ,  t h e i r  r e f u s e  a r e  n o t  t h r o w n 
a w a Y -  I t  i s  d i g e s t e d t o  p r o d u c e  m e t h a n e  a n d / o r  e t h a n o l  t o  b e 
us e d a s  a  s o u r c e  o f  e n e r g y f o r  d o m e s t i c  p u r p o s e s  a n d t r a n s p o r t -
a t i o n .  T h e  r e s i d u a l  s l u d g e  f r o m t h e  f e r m e n t a t i o n p r o c e s s  i s 
u s e d d i r e c t l y  a s  a  r i c h f e r t i l i z e r  fo r  p l a n t s . 

2 .  H o u s i n g ; 

H o u s e  e q u i p m e n t  s u c h a s  r e f r i g e r a t o r s ,  T . V s ,  r a d i o s ,  w a t e r 
h e a t e r s ,  l i g h t i n g m e a n s ,  c o o k e r s  a n d s t o v e s  a r e  a l l  n e c e s s a r y . 
T h e s e  e q u i p m e n t  n e e d a  h i g h p o r t i o n o f  e n e r g y a n d i f  i t  c a n b e 
o p e r a t e d b y a n o t h e r  s o u r c e  o f  e n e r g y o t h e r t h a n t h e  e l e c t r i c 
e n e r g y ,  i t  w o u l d b e  a  g o o d a c h i e v e m e n t . 

W a r m t h '  S o l a r  w a t e r  h e a t e r s  a n d s o l a r  a i r  h e a t e r s  c a n s u p p l y a 

h o t  f l u i d w h i c h c o u l d b e  c i r c u l a t e d i n  t u b e s  t h r o u g h t h e  h o u s e 

t o  p r o v i d e  a  c o m f o r t a b l e  e n v i r o n m e n t . 

L i g h t i n g :  p h o t o v° l t a i c  c e l l s  c o u l d b e  u s e d t o  p r o v i d e  t h e 
e l e c t r i c  e n e r g y r e q u i r e d fo r  l i g h t i n g h o u s e s . 

W a t e r  H e a t i n g :  W a t e r  h e a t i n g fo r  d o m e s t i c  u s e s  i s  e a s i l y 
a c c o m P l i s n e <3 t h r o u g h s o l a r  w a t e r  h e a t e r s . 

C o o k i n g :  A  w i d e  r a n g e  o f  d e s i g n v a r i e t i e s  f o r  s o l a r  c o o k e r s 
h a v e  b e e n k n o w n-  R e l a t e d t o  c o o k i n g i s  r e f r i g e r a t i o n t o 
p r e s e r v e  t h e  c o o k e d o r  e v e n u n c o o k e d foo d fo r  t i m e  o f  u s e .  A 
s o l a r p o w e r e d r e f r i g e r a t o r (  Su n W o r l d 1 9 8 0 )  h a s  b e e n u s e d fo r 
t h i s  p u r p o s e . 

3 .  T r a n s p o r t a t i o n : 

T h e  m o s t  c o m m o n f a c i l i t y  fo r  t r a n s p o r t a t i o n i n  a n y c o m m u n i t y i s 
c a r s  w h i c h c a n b e  s o l a r  a u g m e n t e d t o  b e  s u i t a b l e  fo r  u s e  i n  t h e 
s u g g e s t e d s o l a r  c o m m u n i t y .  T h r e e  t y p e s  o f  f u e l s ,  o t h e r  t h a n t h e 
c o n v e n t i o n a l  o n e s ,  c o u l d b e  u s e d fo r  m o v i n g c a r s  a n d a l l  o f 
w h i c h o r i g i n a t e d f r o m s o l a r  e n e r g y . T h e s e  f u e l s  a r e  e l e c t r i c i t y , 
w i n d p o w e r  a n <3 m e t h a n o l . 

T h e  e l e ct r i c a l l y - d r i v e n car (  F u j i n a k a  1 9 8 6 )  w o r k s  b y s e c o n d r y 
b a t t a r i e s  w h i c h h a v e  b e e n p r e v i o u s l y c h a r g e d f r o m p h o t o v o l t a i c 
c e l l s .  A  l e s s  a t t r a c t i v e  a l t e r n a t e  i s  t o  m o u n t  t h e  p h o t o v o l t a i c 
c e l l  p a n e l  o n t o p o f  t h e  c a r .  T h e  w i n d - d r i v e n c a r  ( E l - B a s s u o n i 
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an d T a y e b 1 9 8 6 )  u s e s  t h e  k i n e t i c  e n e r g y o f  a  m o v i n g a i r  s t r e a m 
t o r ° t a t e  a  w i n d t u r b i n e  f i x e d o v e r  t h e  r o o f  o f  a  m o v i n g c a r .  A 
s u i t a b l e  g e n e r a t o r  c a n b e  c o u p l e d w i t h t h e  w i n d t u r b i n e  t o 
g e n e r a t e  t n e e l e c t r i c i t y  r e q u i r e d fo r  d r i v i n g t h e  c a r .  T h e 
a l c o h o l - d r i v e n c a r  (  A c i o l i  1 9 8 2 )  m o v e s  b y b u r n i n g e t h a n o l  i n 
i t s  e n g i n e  i n  t h e  p r e s e n c e  o f  O2 .  T h e  e t h a n o l  i s  o b t a i n e d a s  a 
f e r m e n t a t i o n p r o d u c t  o f  t h e  a n i m a l  r e f u s e  i n  t h e  p r e s e n t  s o l a r 
c o m m u n i t y .  E i t h e r  b l e n d e d w i t h g a s o l i n e  o r  p u r e ,  a l c o h o l  o f f e r s 
a d v a n t a g e s  o v e r  g a s o l i n e  a s  a n a u t o m o t i v e  f u e l . 

C O N C L U S I ON 

1 .  T h e  b a s i c  c o n c e p t  o f  t h e  s o l a r  c o m m u n i t y e v o l v e d o u t  o f  t h e 
n e e d t °  p r o m o t e  c h a n g e  f r o m e n e r g y d e p e n d e n c e  t o  e n e r g y 
a u t o n o m y ,  f r o m e x t e r n a l  c o n t r o l  t o  s e l f - r e l i a n c e ,  f r o m 
e l e c t r i f i c a t i o n t o  e n e r g i s a t i o n ,  f r o m i n e q u i t a b l e  t o 
e q u i t a b l e  d i s t r i b u t i o n a n d a b o v e  a l l  f r o m n o n - r e n e w a b l e  t o 
r e n e w a b l e  e n e r g y s o u r c e s .  T h e r e f o r e  t h e  m a i n c o n s i d e r a t i o n s 
t a k e n i n t o a c c o u n t  h a v e  b e e n t o  s e e  t h a t  a l l  t h e  e n e r g y 
n e e d s  o f  t h e  c o m m u n i t y a r e  m e t  t h r o u g h l o c a l l y  a v a i l a b l e , 
r en e w a b l e  a n d n o n - p o l l u t i n g s o u r c e s . 

2- I t  i s  n o t  e n o u g h t h a t  t h e  e n e r g y s o u r c e  b e  a v a i l a b l e ,  t h e 
t e c h n o l o g y t o  p u t  i t  t o  u s e  m u s t  a l s o b e  a v a i l a b l e . 

3 . S o l a r  e n e r g y i s  t h e  m o s t  i m p o r t a n t  r e n e w a b l e  e n e r g y s o u r c e 
a n d i t  c a n s u p p l y e n e r g y b y m e a n s  o f  :  s o l a r  w a t e r  h e a t e r s , 
a i r  h e a t e r s ,  p h o t o v o l t a i c  c e l l s ,  w i n d - p o w e r e d m a c h i n e s  a n d 
m e t h a n o l  p r o d u c t i o n . 

4 .  M a t c h i n g e n e r g y r e s o u r c es ,  e n e r g y n e e d s  a n d d e v i c e s  t o  b e 

u s e d h a s  t o  b e  p l a n n e d c a r f u l l y  t o  e n s u r e  t e c h n o - e c o n o m i c 

v i a b i l i t y  a n d s o c i a l  a c c e p t a b i l i t y  i n  t h e  l o n g r u n . 

5 .  A  l i m i t e d c o m m u n i t y c o u l d b e  a l m o s t  c o m p l e t e l y p o w e r e d b y 

s o l a r  e n e r g y t h r o u g h s i m p l e  a n d n o n - e x p e n s i v e  d e v i c e s . 
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PC-PROGRAMME S 
FO R 

SOLA R HEATIN G SYSTEM S 

J.E . NIELSE N 

Solar  Energ y Lab. , Dept . of Energ y Technology , Danis h Technologica l Institute , 
P.O . Box 141, DK-263 0 Taastrup , Denmar k 

ABSTRAC T 

Severa l user-friendl y PC-programme s for  solar  heatin g system s hav e bee n developed . 
Manufacture s an d designer s ar e usin g the m for  optimizin g component s an d systems . 
Followin g program s ar e available : 

- DIMSO L : Design of collectors . 

- FLOWSO L : Calculatio n of pressur e condition s an d flow distributio n in 

collector s an d systems . 

- DISTSO L : Design of system s for  distric t heating . 

- POOLSO L : Design of system s for  poo l heating . 

KEYWORD S 

PC-programmes , design of collectors , design of solar  heatin g systems , distric t heating , 
poo l heating . 

INTRODUCTIO N 

Base d on funding s fro m th e Danis h Ministr y of Energ y an d th e Ministr y of Industr y 
a packag e of user-friendl y design tool s (PC-programmes ) for  th e solar  industr y ha s 
bee n develope d by th e Solar  Energ y Lab . Thes e programme s ar e now widely used by 
manufacturer s an d system designer s in th e proce s of optimizin g component s an d 
systems . 
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DESIG N O F COLLECTOR S - DIMSO L 

Th e DIMSO L programm e calculate s th e efficiency of a solar  collector  base d on a 
ver y detaile d descriptio n of th e collector  construction . On th e top of thi s calculatio n 
differen t built-i n simplifie d system calculation s can be used , so it is possibl e directl y 
to evaluat e th e influenc e of th e collector  constructio n on th e system performance . 

Th e collector  is describe d with dat a of th e cover  (if any) , th e absorbe r  an d th e 
insulation . Also informatio n on th e slope , flow, wind , irradiation , outsid e temperatur e 
etc . mus t b e given . Whil e giving dat a to th e progra m an onlin e help is given with 
explanatio n an d example s of th e actua l parameter . Whe n all th e dat a is given it is 
possibl e t o get a cros s section of th e collector  to check th e geometry . 

Th e efficiency is calculate d as a functio n of th e differenc e betwee n th e mea n collector 
fluid temperatur e an d th e outdoo r  temperature . Thi s is don e by calculatin g th e 
effeciency at six differen t value s of th e jus t mentione d temperatur e differenc e an d 
the n approximat e th e result s to a second orde r  equation . Also stagnatio n temperature s 
in cover s an d absorbe r  ar e printe d out . 

Th e programm e gives you th e opportunit y to investigat e th e influenc e of a specific 
collector  constructio n paramete r  on th e collector  effeciency. Thi s is don e ver y easily 
by specifyin g th e interva l of th e paramete r  variatio n - th e programm e the n gives you 
th e correspondin g variatio n of th e constant s in th e second orde r  equatio n for  th e 
efficiency. O n thi s basi s it is possibl e to detec t critica l value s of th e parameter . 

Perhap s th e stronges t facilit y of th e programm e is th e possibilit y to evaluat e directl y 
th e influenc e of a chang e in th e collector  constructio n on th e annua l outpu t of a 
system . Th e programm e is supplie d with simplifie d algorithm s for  calculatio n of th e 
differen t solar  system s types : Domesti c hot water , combine d domesti c hot wate r  an d 
spac e heatin g an d constan t temperatur e systems . Thes e system s ar e ver y simpl y 
descripe d by collector  size an d system load . So, to evaluat e th e influenc e of a certai n 
constructio n detai l of th e collector  i.e. a collecto r  parameter , an interva l of thi s 
paramete r  is given to th e programm e an d th e programm e will give ou t th e variatio n 
of th e annua l outpu t for  th e specified system an d furthermor e th e nessesar y collector 
are a to achiev e th e outpu t of th e referenc e system . It is the n easy to compar e th e 
margina l overhead s du e to a chang e in constructio n to th e correspondin g highe r 
system outpu t or  saving s in collector  area . 

Th e progra m is ver y popula r  amon g th e manufacturer s of collectors . 

Executin g tim e of th e progra m is ver y short : normall y only a few second s on an 80286 
PC . 

Calculation s don e by DIMSO L ar e compare d with measure d collector  effeciencies with 
reall y good agreement . 
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Determinatio n of th e flow distributio n in an d th e pressur e loss acros s a collector  an d 
an arra y of collector s is don e by th e programm e FLOWSOL . Collecto r  channels , tube s 
and/o r  pipe s ar e to b e describe d in th e inpu t data . O n line help an d guideline s for 
pressur e loss acros s bendings , valves an d othe r  fitting s ar e given . 

In th e programm e ther e ar e thre e levels of calculation . 1) Collecto r  (distributio n in 
collecto r  channels) , 2) Section (distributio n in collectors) , 3) System (distributio n in 
sections) . T o calculat e a certai n level, on e ha s to calculat e all th e underlyin g levels 
first . 

Th e result s of th e progra m ar e visualisatio n of th e flow distribution , pressur e dro p as 
a functio n of th e flowrate  an d th e performanc e reductio n du e evt . ba d flow 
distributio n compare d to idea l flow conditions . 

Genera l lessons learne d by usin g thi s programm e are : 

only exstremel y ba d flowdistributio n influence s th e collector  outpu t 
significantl y 

reverse d return-pip e is in man y cases not nessesar y (as a consequenc e 
of th e above ) 

precis e result s of absolut e value s of pressur e losses ar e har d to obtai n 
du e to uncertaintie s in inlets , outlets , branches , fitting s etc. , bu t th e 
relativ e flowdistribution  is less sentiv e to thes e uncertainties . 

Th e executin g tim e is ver y dependen t on th e numbe r  of paralle l channel s to be 
calculate d bu t is normall y in th e orde r  of second s on a 80286 PC . 

SOLA R SUPPL Y T O DISTRIC T HEATIN G - DISTSO L 

Usin g th e DISTSO L programm e on e is abl e to dea l with thre e differen t combinatio n 
of solar  an d distric t heating : 

centra l solar  heatin g plan t heatin g th e retur n pip e fro m th e distric t 
networ k 

centra l solar  heatin g plan t for  summe r  heatin g 

individua l solar  domisti c system s an d stoppin g th e networ k circulatio n 
in th e summertim e 

Th e programm e is no t abl e to calculat e system s with seasona l storage , only a simpl e 
storag e mode l is include d for  shor t ter m storaging . 
Dat a on th e networ k ar e ver y easily given by simpl y drawin g on th e scree n a mode l 
of th e pipes , consumer s an d producers . O n thi s drawin g on e can directl y writ e th e 
value s of diameters , insulation , annua l consumptio n an d so on . Max . 50 branchin g 
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point s ar e allowed at th e presen t moment . Solar  system dat a ar e given in a specia l 
menu . 

Calculation s can be don e hou r  by hou r  which gives th e possibilit y to check for 
possibl e critica l high temperature s in situation s with high insolatio n an d low load . 

DISTSO L is validate d with dat a fro m th e Danis h 1000 m 2 system in Saltu m an d th e 
agreemen t betwee n measure d an d calculate d result s was ver y good . 

Amon g othe r  thing s it ha s bee n lear n fro m runnin g thi s progra m tha t it could be 
critica l t o combin e a solar  heatin g plan t with a distric t heatin g networ k with 
thermostat-controlle d by-passes . 

POO L HEATIN G - POOLSO L 

Solar  system s for  outdoo r  poo l heatin g ar e rathe r  simpl e bu t calculation s of thes e 
system s ar e not as simpl e becaus e of th e sensitivit y of th e uncovere d collector s an d 
pool s to wind condition s an d radiatio n to th e ambient . Estimatio n of evaporatio n 
losses fro m th e poo l is also uncertain . Usin g POOLSO L on e can evalut e evaluat e 
th e influenc e of thes e condition s on th e performanc e of th e system . Th e programm e 
simulate s th e solar  system an d th e poo l hou r  by hou r  an d temperature s durin g th e 
calculate d perio d ar e plotted . 

Usin g POOLSO L it is possibl e t o design solar  system s for  poo l heatin g an d also to 
evaluat e th e influenc e of an insulate d nigh t cover  on th e pool . Also th e eventuall y 
nee d for  auxilliar y power  an energ y can be determined . 

POOLSO L is validate d with dat a fro m a rea l system an d is was shown tha t it is 
possibl e t o obtai n ver y reasonabl e estimate s of th e performanc e of such systems . 
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ABSTRACT 

The  relationshi p betwee n diffus e  an d globa l  Monthl y averag e 
dail y  sola r  radiatio n o n th e  bas e  o f  3 4 USS R meteorologica l 
station s  dat a  i s  investigated .  Th e  compariso n statistica l 
analysi s  o f  th e  develope d an d know n correlation s  i s  given .  Th e 
observatio n result s  o f  2 0 meteorologica l  station s  i n  variou s 
part s  o f  worl d wer e  use d a s  referenc e  data . 

KEYWORDS 

Globa l  an d diffus e  radiation ,  relationship ,  correlatio n 
compariso n 

INTRODUCTION 

The  designin g o f  sola r  installation s  require s  th e 
determinatio n o f  sola r  radiatio n inciden t  o n th e  plan e  o f 
sola r  collector .  Slope d sola r  collecto r  receive s  direct , 
diffus e  an d reflec t  sola r  radiation .  T o calculat e  o f  tota l 
sola r  radiatio n i t  i s  necessar y t o  kno w thei r  components .  Th e 
on e  o f  mos t  value s  neede d fo r  determinatio n o f  tota l  radiatio n 
i s  th e  relationshi p betwee n monthl y averag e  dail y  diffus e  an d 
globa l  sola r  radiatio n inciden t  o n horizonta l  surface ,  H /̂H -

Thi s  relationshi p ca n b e  fin d fro m direc t  meteorologica l 
observatio n o r  o n empirica l  relationshi p (Lu i  an d Jordan,I960 ; 
Klein ,  1977 ;  Page ,  1961 ;  Toiler ,  1976 ;  Iqbal,1979 ;  Col l  are s  -
Pereir a  an d Rabl ,  1979 ;  Mod i  an d Sukhatme ,  1979 ;  Erb s  e t 
a l . , 1 9 8 2 ;  Ma  an d Iqbal,1984> .  Al l  USS R meteorologica l  station s 
whic h observ e  actinometri c  dat a  recor d th e  globa l  an d diffus e 
radiation .  Therefor e  fo r  man y Sovie t  location s  eas y t o  fin d 
th e  relationshi p H^/H .  Howeve r  i t  i s  difficul t  t o  mak e  i t  fo r 

othe r  region s  o f  world .  Fo r  instanc e  fro m 5 2 Canadia n 
meteorologica l  station s  onl y 4  one s  record e  th e  diffus e 
radiation(Iqbal,1979) .  Th e  simila r  situatio n ther e  i s  i n  othe r 
part s  o f  worl d also . 

287 
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Takin g int o accoun t  th e  uniqu e  geographica l  locatio n o f  th e 
USSR an d th e  larg e  amoun t  o f  meteorologica l  station s  th e 
author s  trye d t o  establis h th e  relationshi p betwee n th e 
diffus e  an d globa l  radiatio n an d compar e  th e  obtaine d 
regressio n wit h othe r  know n correlations . 

THE PRESEN T CORRELATION 

I n presen t  wor k th e  3 4 USS R meteorologica l  station s  dat a  wer e 
used .  Th e  locatio n o f  thes e  station s  showe d i n  Tabl e  1 .  Th e 
eac h o f  thes e  station s  give s  1 2 monthl y dail y  value s 

Tabl e  1 .  Mea n bia s  erro r  an d roo t  mea n squar e 
erro r  o f  calculate d value s  o f  th e  dail y 
diffus e  radiatio n fro m observe d value s 

Locatio n Lat. ° N Long.°t o  Obs.perio d MBE RMSE RMSE, * 

Petrozavods k 61 . 8 34 . 2 1955 - -6 3 -0 . 00 7 0. 06 8 -10 . 8 
Sortval a 61 . 6 30 . 8 195 5 -6 3 0 .01 8 0 .07 0 10 . 8 
Kargopo l 61 . 5 38 . 2 1954 - -6 3 -0 . 01 1 0. 07 5 -11 . 8 
Leningra d 60 .  0 30 . 7 195 3 -6 3 - 0 .  05 2 0 .08 4 -1 3 . 2 
Voekov o 60 . 0 32 . 0 1953 - -6 3 -0 . 00 9 0. 06 4 -11 . 0 
Volosov o 59 . 5 32 . 5 195 4 -6 3 - 0 .04 0 0 .  08 8 -1 4 . 5 
Vologd a 59 . 2 40 . 0 1953 - -5 8 0. 02 2 0. 08 1 12 . 7 
Tart u 58 .  4 26 . 8 195 3 -6 4 0 .02 5 0 .  06 8 11 .  2 
Valda i 58 . 0 33 . 0 1954 - -6 3 0. 02 8 0. 07 3 11 . 3 
Torzho k 57 .  1 35 . 0 195 6 -6 3 0 .  05 7 0 .  09 2 14 .  5 
Rig a 56 . 9 24 . 0 1953 - -6 3 -0 . 03 2 0. 04 5 7. 5 
Torope z 56 . 6 31 . 8 195 4 -6 3 0 .07 0 0 .06 8 10 . 9 
Kauna s 54 . 9 24 . 0 1955 - -6 3 0. 02 8 0. 06 5 10 . 4 
Smolens k 54 . 5 32 . 4 195 5 -6 3 0 .01 3 0 .07 5 11 . 6 
Mins k 53 . 8 27 . 5 1952 - -6 4 0. 01 3 0. 04 0 6. 8 
Kuibyshe v 53 . 2 50 .  2 195 4 -6 3 - 0 .00 7 0 .05 9 11 . 6 
Sarato v 51 . 6 44 . 2 1954 - -6 3 0. 02 6 0. 06 7 12 . 6 
Kie v 50 . 5 30 . 5 195 2 -6 1 0 .00 7 0 .02 9 5 . 0 
Volgogra d 48 . 7 44 . 5 1954 - -6 3 -0 . 01 7 0. 05 2 10 . 8 
Kherso n 46 . 6 32 . 6 1954 --6 3 0 .00 5 0 .03 6 7 . 0 
Astrakha n 46 . 3 48 . 0 1954 - -6 3 -0 . 04 8 0. 06 4 14 . 8 
Takhiatas h 42 .  3 59 . 6 1954 --6 3 0 .00 0 0 .03 7 10 . .  2 
Tashken t 41 . 3 69 . 6 1955 - -6 3 -0 . 07 8 0. 08 3 24 . 3 
Kara-Bogaz-Go l 41 .  0 52 . 9 195 4 -5 8 - 0 .01 3 0 .  05 1 13 . .  5 
Fergan a 40 . 4 79 . 9 1955 - -6 3 0. 02 6 0. 04 4 10 . 4 
Leninaba d 40 . 2 69 . 6 1958 · -6 4 0 .01 0 0 .  03 7 9. . 6 
Samarkan d 39 . 6 67 . 0 1957 - -6 3 -0 . 01 9 0. 03 4 8. 7 
Yaskha n 39 . 6 55 . 8 1953 --5 8 - 0 .  00 3 0 .02 8 7. 6 
Ak-Moll a 39 . 4 60 . 5 1958 - -6 4 0. 02 3 0. 03 5 9. 7 
Chardjo u 39 .  1 63 . 7 1954 --6 3 0 01 3 0 .  03 4 10 . .  0 
Beki-Ben t 39 . 1 50 . 5 1955 - -6 3 0. 00 9 0. 01 7 4. 6 
Dushanb e 38 . . 6 68 . 6 1956 --6 3 0. 01 8 0. .02 8 7. 1 
Ashkhaba d 37 . 9 56 . 3 1954 - -6 3 -0 . 01 7 0. 02 8 7. 3 
Terme z 37 , , 2 67 . 4 1955 --6 3 0. 00 4 0. .  03 0 8. 4 

Al l  station s 0. 00 0 0. 05 6 11 . 0 
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o f  H^/ H an d th e  relationshi p betwee n th e  globa l  an d extra -

terrestria l  dall y  sola r  radiatio n inciden t  o n a  horizonta l 

surface ,  H / H Q o r  Kj. .  A t  th e  calculatio n o f  th e  sola r 

constan t  Ç  i s  equa l  136 7 W/m^ . ï 

Th e  polynom s  o f  first ,  secon d an d thir d degree s  fo r 
determinatio n o f  correlatio n typ e  wer e  used .  Th e  cubi c  polyno m 
give n th e  minima l  errors : 

= 1.19 1 -  1.78 3 K j * 0.86 2 -  0.32 4 (1 ) 

fo r  0 .  1 5 <  K T <  0.8 0 

Th e  mea n bia s  erro r  (MBB > an d th e  roo t  mea n squar e  erro r 
(RMSE)fo r  evalutio n th e  obtaine d regressio n an d statistica l 
compariso n o f  presen t  resul t  wit h othe r  know n correlation s 
wer e  used .  Th e  estimatio n o f  th e  MBE an d RMSE wa s  simila r 
thos e  whic h ha s  bee n use d b y Ma  an d Iqba l  (1984) .  Th e 
calculatio n result s  o f  th e  MBE an d RMSE obtaine d a t  usin g o f 
correlatio n (1 )  ar e  presente d i n  Tabl e  1 . 

THE COMPARISON O P VARIOU S CORRELATIONS 

Fo r  th e  firs t  tim e  Lu i  an d Jorda n (1960 )  develope d a  graphica l 
relationshi p betwee n H d/ H an d Kp .  Thi s  graphica l  relationshi p 

Klei n (1977 )  expresse d late r  algebraicall y  a s  follow s 

Hd/ H =  1.39 0 -  4.02 7 Kj .  +  5.53 1 -3.10 8 (2 ) 

fo r  0. 3  <  Kj  <  0. 7 

Pag e  (1981) ,  usin g dat a  fro m te n meteorologica l  station s 
locate d betwee n 40*7 1 an d 40° S latitudes ,  recomende d th e  linea r 
equation* . 

Hd/ H =  1 .  0 0 -  1 .  1 3 K T (3 ) 

Tulle r  (1976) ,  considere d al l  fou r  actinometri c  station s  o f 
Canad a  wher e  necessar y dat a  ar e  registered ,  suggeste d follo w 
equation : 

Hd/ H =  0.8 4 -  0.6 2 Ê ÷ (4 ) 

Takin g int o accoun t  tha t  th e  diffus e  radiatio n observe d o n th e 
Resolut e  statio n whic h locate d abov e  Pola r  circl e  Iqba l 
(1979 )  exclude d thes e  dat a  fro m consideration .  Base d o n dat a 
fro m othe r  souther n Canadia n station s  h e  recomende d lianea r 
equation* . 
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Hj/ H =  0.95 8 -  0.98 2 K̂ ,  fo r  0. 3  <  Kj .  <  0. 6 (5 ) 

Basin g o n dat a  o f  fiv e  actinometri c  station s  o f  th e  US A 
Collares -  Pereir a  an d Rab l  (1976 )  suggeste d a  equatio n whous e 
coefficien t  var y wit h season : 

H VH =  0.77 5 +  0 .  34 7 (X/180 )  (ù  -90° )  -á  s 

-  0.50 5 +  0.26KX/180 )  ̂ s- 9 0 °  )  oos [  2  (fCj.- 0  .  9  >  ]  (6 ) 

Modi  an d Sukhatm e  (1979 )  fo r  1 2 meteorologica l  station s  o f 
Indi a  develope d regressio n equation : 

H VH =  1.411 2 -  1.695 6 K „  fo r  0.3 4 <  Ê  <C 0.7 3 (7 ) d  Ô L 

Erb s  et  a l . (1-982 )  considere d dat a  fo r  fou r  U S station s  whic h 
hav e  bee n use d b y Co l  l a  res-Pereir a  an d Rab l  recomende d ne w 
equation : 

Hd/ H =  1.39 1 -3.56 0 Kj .  +  4.18 9 •  2.13 7 

fo r  ù 5< 80 °  an d 0. 3 <  Ê ÷ <  0. 8 

2 3  ( 8) Hj/ H =  1.31 1 -3.02 2 Kj .  « •  3.42 7 -  1.82 1 ê £ 

fo r  ù  >  80 °  an d 0. 3 <  KT <  0. 8 

Pig .  1 .  Th e  variou s  typ e  o f  correlation s  fo r  H 7 H 
á 
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So w e  hav e  severa l  correlation s  recomende d b y variou s 
investigators.Th e  graphica l  representatio n o f  considere d avob e 
correlation s  ar e  give n i n  Fig.l .  A s  show n fro m thi s  figur e  th e 
characte r  o f  thi s  correlation s  var y differern t  eac h other . 
Therefor e  i t  i s  interestin g t o  carr y ou t  th e  stastistica l 
compariso n o f  thes e  correlations . 

Simila r  compariso n ha s  bee n mad e  b y Erb s  et  aZ .(1982 )  an d 
Iqba l  (1979) .  I t  shoul d b e  note d tha t  i n  bot h work s  th e  amoun t 
of  referenc e  station s  wa s  les s  five .  Th e  referenc e  station s 
include d als o th e  station s  whic h hav e  bee n use d fo r  developin g 
of  th e  concidere d correlations .  I n  additio n th e  amoun t  o f 
concidere d correlation s  wa s  limited . 

I n  presen t  wor k th e  statistica l  investigatio n o f  know n 
correlation s  wa s  mad e  o n th e  bas e  o f  dat a  fro m 1 2 foreig n an d 
10 sovie t  referenc e  stations .  The n onl y on e  statio n fro m te n 
sovie t  station s  wa s  use d fo r  developin g th e  Eq.(1) .  I n  Tabl e  2 
th e  geographica l  locatio n o f  referenc e  station s  i s  given .  Th e 
use d dat a  ar e  base d o n lon g ter m observations .  Th e  initia l 
dat a  hav e  bee n too k fro m (Era t  et  aZ .,1982 ;  Godo y et  aZ .,1982 ; 
Turren t  et  á é . , 1 9 8 2 ;  Paltridg e  an d Proctor ,  1976 ;  UandbOOk, 
1966 ;  Kenisari n  et  a l . , 1990.) .  I t  shoul d b e  notedtha t  th e 

Tabl e  2.Referenc e  station s  fo r  statistica l 
compariso n o f  know n correlation s 

Locatio n Latitude,° N Longitude,° E 

Luonetyarvi ,  Finlan d 
Yakutsk ,  USS R 
Kostroma ,  USS R 
Moscow ,  USS R 
Dublin ,  Irlan d 
Goose-Bay ,  Canad a 
Irkutsk ,  USS R 
De  Bild ,  Th e  Netherland s 
Kew,  Englan d 
Czelinograd ,  USS R 
Trappes ,  Franc e 
Freiburg ,  PR G 
Odessa ,  USS R 
Montreal ,  Canad a 
Toronto ,  Canad a 
Vladivostok ,  USS R 
Madison ,  US A 
Frunze ,  USS R 
Fergana ,  USS R 
Melbourne ,  Australi a 

62.4 2 
61.9 8 
57.8 5 
55.3 0 
55.4 3 
53.3 0 
52.2 3 
52.2 0 
51.4 7 
51.2 0 
48.7 7 
48.0 0 
46.6 0 
45.5 0 
43.8 0 
43.6 8 
43 .  1 3 
42.9 0 
40.4 0 

25.6 7 
129.4 2 

40.9 8 
39.3 0 

6.2 5 
60.45(* ) 

104.2 7 
5.  1 2 
0.3 0 

71.4 0 
2.0 1 
7.  1 8 

30.8 8 
73.6K* ) 
79.55(* ) 

132.1 7 
89.40(* ) 
74 .  1 2 
71.7 7 

37.80<** > 145.0 0 

<*> -  Wes t  1  ngitude ;  (** )  -  Sout h latitud e 

al l  calculatio n o f  considere d correlatio n fo r  Italia n station s 
Torin o an d Croton e  giv e  overestimate d value s  o f  diffus e 
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radiatio n i n  compariso n wit h observe d ones .  Thes e  difference s 
var y fro m 3 0 til l  70%.  We  exclude d o n thi s  reaso n fro m 
consideratio n thes e  stations .  I n  wha t  follow s  al l  conclusion s 
ar e  base d onl y o n twent y stations '  data . 

The  calculatio n sho w tha t  th e  Lui-Jordan ,  Page ,  Colarres -
Pereir a  an d Fable ,  Erb s  et  a l . equations  giv e  th e  under -
estimatin g value s  o f  diffus e  radiatio n o n al l  referenc e 
stations .  Mod i  an d Sukhatm e  equatio n give s  i n  contras t  th e 
overestimatin g values .  I n  respec t  t o  Lui-Jordan ,  Page , 
Collares -  Pereir a  an d Rabl ,  Erb s  et  CLl.  equation s  ou r  result s 
agre e  wit h result s  o f  statistica l  analysi s  obtaine d b y Ma  an d 
Iqba l  (1984) .  Th e  generelize d result s  o f  compariso n ar e 
presente d i n  Tabl e  3 .  Mor e  detai l  informatio n abou t 
statistica l  analysi s  ca n b e  fin d i n  (Kenisari n  et  a l , 1990 ) 

Tabl e  3 .  Generelize d result s  o f  compariso n o f 
th e  eigt h correlation s  fo r  estimatin g 
th e  monthl y averag e  dail y  diffus e  ra -
diatio n inciden t  o n a  horizonta l  sur -
fac e  an d obtaine d fo r  twent y referenc e 

station s 

Equatio n MBE RMSE 

Lui  an d Jorda n (2 ) -0 . 10 7 0. 13 2 
Pag e  (3 ) -0 , .04 3 0, .08 7 
Tulle r  (4 ) 0. 03 2 0. 09 2 
Iqba l  (5 ) -0 . .01 7 0 .  07 8 
Collares-ereir a  an d Rabl(6 ) 0. 07 1 0. 14 9 
Modi  an d Sukhatm e  (7 ) 0 .  10 8 0 .  14 3 
Erb s  e t  a l  (8 ) -0 . 05 6 0. 09 9 
Presen t  wor k (1 ) - 0 .  00 1 0. .  07 5 

THE CONCLUSION 

The  presen t  wor k show s  tha t  th e  equatio n (1 )  obtaine d o n th e 
bas e  o f  3 4 Sovie t  meteorologica l  station s  evenl y describe s  th e 
behavou r  o f  Ç  ./ Ç i n  al l  investigate d latitud e  intervals .  Th e á 
roo t  mea n squar e  erro r  o f  th e  determinatio n o f  diffus e 
radiatio n ar e  varye d fro m 1 1 t o  15% .  Fo r  latitude s  les s  tha n 
50 °  ca n b e  recommen d Tulle r  equation ,  an d fo r  latitude s  les s 
tha n 50 °  -  Iqba l  equation .  Eqs .  (3) ,  (6 )  an d (8 )  fo r  latitude s 
les s  50 °  giv e  th e  nonconpensate d remainde r  -0.025 ,  -0.03 9 an d 
-0.03 5 respectively .  Thes e  remainder s  les s  tha n fo r  al l 
referenc e  station s  -0.045 .  -0.07 4 an d -0.059 .  T o us e  thes e 
equations  fo r  othe r  region s  i n  separat e  cas e  i t  shoul d b e 
revised .  Equiation s  o f  Lu i  *  Jorda n an d Mod i  &  Sukhatm e  i t 
shoul d b e  use d onl y fo r  thos e  region s  wic h hav e  bee b obtaine d 
for . 
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Desig n an d Applicatio n o f  a  Collecto r  Tes t  Facilit y 
Base d o n a  Sola r  Simulato r 
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ABSTRACT 

A sola r  simulato r  fo r  th e  investigatio n o f  sola r  collector s  an d 
othe r  sola r  therma l  device s  ha s  bee n develope d an d i s  ru n b y 
th e  ISFH .  Som e  desig n detail s  o f  th e  ligh t  sourc e  an d th e  addi -
tiona l  unit s  ar e  discussed .  Experienc e  wit h th e  operatio n an d 
some  result s  show ,  tha t  th e  whol e  facilit y  ma y serv e  a s  a  too l 
fo r  quic k assessmen t  an d optimizatio n o f  sola r  collectors . 

KEYWORDS 

Sola r  simulator ;  artificia l  sunlight ;  sola r  collecto r  testing ; 
fla t  plat e  collector ;  developmen t  an d optimizatio n o f  collec -
tor s 

INTRODUCTION 

The  mai n meteorologica l  value s  affectin g th e  performanc e  o f  a 
collecto r  suc h a s  sola r  irradiation ,  win d velocity ,  ambien t  an d 
sk y temperature ,  sho w larg e  fluctuation s  i n  Centra l  Europe .  Fo r 
tha t  reaso n collector s  ca n onl y ver y seldo m b e  operate d i n 
therma l  steady-stat e  conditions .  Du e  t o  thi s  outdoor-test s  ar e 
ver y time-intensiv e  an d th e  respectiv e  result s  sho w a  hig h 
scattering .  However ,  thi s  proble m ca n b e  overcom e  wit h indoor -
tests ,  usin g a n artificia l  ligh t  source .  Th e  mai n advantag e  i s 
th e  free ,  independen t  an d reproducibl e  settin g o f  th e 
meteorologica l  parameters ,  whic h lead s  t o  a  hig h reproducibi -
lit y  o f  th e  results .  A  mor e  detaile d therma l  descriptio n o f  th e 
collector ,  a  quic k assessmen t  an d a n optimizatio n i s  possibl e 
i n  thi s  way . 
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An appropriat e  ligh t  sourc e  simulate s  th e  rea l  condition s  wit h 
respec t  t o  globa l  intensit y  ,  spectra l  an d angula r  distribu -
tion ,  hig h spatia l  uniformit y an d a  lo w leve l  o f  infrared -
irradianc e  ( > 3  Mm) .  Ambien t  temperatur e  an d win d velocit y  a t 
th e  collecto r  hav e  t o  b e  kep t  constant . 

SIMULATOR DESIG N 

The  whol e  tes t  facilit y  consist s  o f  a  ligh t  source ,  a  therma l 
proces s  uni t  fo r  th e  hea t  transfe r  fluid ,  th e  measuremen t 
equipmen t  an d som e  auxiliar y devices .  Th e  focu s  i s  directe d 
toward s  th e  developmen t  o f  th e  low-IR-light-sourc e  wit h solar -
simila r  properties . 

Selectio n o f  th e  lamp s 

Appropriat e  lamp s  shoul d mee t  th e  followin g mai n criteria :  a 
goo d approac h t o  sola r  spectrum ,  a  rathe r  constricte d bea m an d 
th e  possibilit y  t o  desig n a  ligh t  sourc e  wit h a  hig h homoge -
neit y  i n  th e  receive r  plane .  Furthe r  criteri a  ar e  th e  energeti c 
efficiency ,  th e  durabilit y  an d degradation ,  th e  possibilit y  t o 
adjus t  th e  intensit y  b y voltag e  variations ,  coolin g problems , 
weigh t  an d deman d o f  space ,  allowe d inclinatio n angle s  an d 
finall y  th e  operatin g cost s  an d th e  price . 

The  choose n lam p i s  Philip s  typ e  13117 ,  a  haloge n lam p wit h 
dichroi c  mirro r  an d a  nomina l  powe r  o f  15 0 watt s  a t  1 7 volts . 
The  smal l  lam p unit s  allo w t o desig n a  ligh t  sourc e  wit h hig h 
uniformit y an d a  narro w angula r  distribution .  A  suitabl e  spec -
tra l  distributio n wit h lo w pric e  ar e  o n th e  positiv e  side ,  th e 
problem s  ar e  th e  rathe r  lo w efficienc y an d th e  durability . 

Desig n o f  th e  lâ m p fiel d 

The  angula r  radiatio n distributio n o f  a  singl e  lam p wa s  deter -
mine d an d b y mean s  o f  a  compute r  progra m th e  irradianc e  distri -
butio n i n  th e  receiver-fiel d  (i.e .  th e  test-plane) ,  cause d b y a 
certai n  numbe r  o f  lamp s  i n  th e  lam p field ,  wa s  calculated . 
Afte r  som e  iteration s  th e  numbe r  an d th e  position s  o f  th e  lamp s 
t o  achiev e  th e  neede d irradianc e  leve l  wer e  found .  Her e  a  rec -
tangula r  gri d  wit h variabl e  interval s  wa s  foun d t o  b e  optimal . 

More  tha n 85 % o f  th e  electri c  powe r  ar e  wast e  hea t  an d hav e  t o 
be  removed .  Th e  installe d ventilator s  (se e  Fig .  1 )  forc e  a n 
ambien t  ai r  strea m o f  approx .  3  m/ s  throug h th e  lam p field . 

The  col d sk v 

Unde r  clea r  sk y condition s  th e  IR-radiatio n i s  belo w th e 
blackbody-radiatio n o f  th e  ambien t  temperature .  Henc e  th e  ho t 
lamp s  hav e  t o  b e  thermall y decouple d fro m th e  test-plane .  Fi g 
1 indicates ,  tha t  thi s  i s  accomplishe d b y a  doubl e  pan e  o f 
acryli c  glass .  Th e  highl y transparen t  channe l  i s  coole d wit h 
lo w temperatur e  air .  A s  th e  acryli c  glas s  show s  a n emissivit y 
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of  abou t  9 5 % (wavelengt h >  2. 5 ìðé) ,  i t  provide s  a  lo w IR -
radiatio n an d serve s  a s  a  col d sk y wit h selectabl e  temperature . 
A furthe r  advantag e  i s  th e  improvemen t  o f  th e  spectra l 
distributio n betwee n 1  an d 2. 5 ìéç ,  whic h i s  cause d b y absorp -
tio n (Tabl e  1 ) . 

ambien t ai r 8 ventilator s 
(coolin g  o f lamps ) 

lam p fiel d 
(15x1 1 = 16 5 
haloge n  lamps ) 

col d  sk y 
(ventilated , trans -
paren t channel ) 

win d  simulatio n 

Fig .  1  Schemati c  sid e  vie w o f  th e  sola r  simulato r 

Tabl e  1  Spectra l  distributio n o f  th e  ligh t  sourc e 

Rang e su n a t bar e  lam p lam p wit h lam p wit h 
[nm ] AM 2 a t  1 7 V col d sky . col d sky . 

17 V 19 V 

< 40 0 2.7 % 0.5 % 0.6 % 0.9 % 
400-70 0 44.4 % 32.0 % 39.1 % 41.3 % 

700-100 0 28.6 % 23.9 % 28.8 % 30.1 % 
> 100 0 24.3 % 43.6 % 31.5 % 27.7 % 

AUXILIARY DEVICE S 

Some  additiona l  installation s  ar e  essentia l  fo r  th e  successful l 
installatio n o f  th e  whol e  facility . 
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Constan t  Temperatur e  an d Flow-Rat e 

A flow-rat e  wit h fluctuation s  o f  les s  tha n 1  % a t  a  constan t 
temperatur e  o f  ±0.0 2 Ê  i n  a  rang e  o f  1 5 t o  9 5 ° C i s  delivere d 
by a  thermostatic-constant-flow-control-unit .  I t  serve s  a s  th e 
fluid-sourc e  fo r  collector-inlet . 

Irradianc e  Distributio n Measuremen t 

The  accurat e  determinatio n o f  th e  irradianc e  leve l  i n  th e 
receive r  plan e  i s  o f  primar y importance .  Eve n wit h a  rathe r 
hig h uniformit y (standar d deviatio n ±  3. 3 %,  minimum/maximu m ± 
8 % ,  se e  Fig .  2 )  th e  erro r  e.g .  i n  a n efficienc y valu e  cause d 
by disadvantageou s  senso r  location s  i s  expecte d t o  b e  i n  th e 
sam e  orde r  o f  magnitude .  Therefor e  th e  mea n irradianc e  ove r  th e 
tes t  objec t  ha s  t o  b e  known .  Thi s  i s  don e  b y a n automati c  ste p 
by ste p irradianc e  distributio n measuremen t  (e.g .  i n  a  1 0 c m ÷ 
10 c m -  grid) .  A s  th e  behaviou r  o f  lamp s  ca n change ,  thi s  pro -
cedur e  wil l  b e  repeate d a t  th e  beginnin g o f  eac h experiment ,  a t 
leas t  onc e  a  day . 

Coolin g o f  th e  Experimenta l  Buildin g 

The  interna l  load s  (lamps ,  heater s  an d machines )  o f  aroun d 3 0 
kW ar e  remove d b y a  coolin g system ,  tha t  allow s  t o  kee p tempe -
rature s  constan t  ( ± 0. 3 K )  i n  a  rang e  o f  1 8 to  3 0 °C . 

Electri c  Powe r  Suppl y 

The  irradianc e  i s  ver y sensitiv e  agains t  fluctuation s  o f  th e 
voltag e  i n  th e  publi c  gri d  (intensity ^  U 2) .  Th e  use d statio n 
give s  a  constan t  voltag e  ±  0. 1 . .  0. 2  % ,  selectabl e  betwee n 
22 0 an d 25 0 V .  Tha t  correspond s  t o  a  lam p voltag e  o f  16. 9 t o 
19. 2 V  (1 3 lamp s  connecte d i n  series) .  Thu s  a  ver y constan t 
irradianc e  durin g a n experimen t  (bette r  tha n ±  2  W/m 2)  i s 
achieve d an d th e  intensit y  leve l  i s  changeabl e  betwee n 80 0 an d 
100 0 W/m 2 wit h onl y a  smal l  effec t  o n spectra l  distribution . 

Dat a  Acouisitio n an d Sensor s 

Much car e  i s  take n fo r  th e  choic e  an d calibratio n o f  th e  sen -
sor s  (temperature :  PT10 0 ±  0.0 5 K ;  flow-rate :  inductiv e  flow -
meter s  <  ±  1  %;  irradiance :  pyranomete r  CM11 ±  1  % ) .  A  variabl e 
dat a  acquisitio n syste m allow s  flexibl e  collectin g o f  measurin g 
dat a  wit h hig h accuracy . 
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PERFORMANCE O F TH E ISFH-TEST-FACILIT Y AND EXPERIENCE S 

The  technica l  dat a  o f  th e  simulato r  ar e  summarize d i n  Fig .  2 . 

TECHNICA L DATA SUS I I 

• irradiate d  are a 2 .2x1 . 3 n v 

• mea n  irradianc e  (nomina l value ) 80 0 W/m ;' 

• variatio n  o f irradianc e 30 0 .. 100 0 W / m 2 

• uniformit y (std.dev . / min.max. ) ± 3. 3 % / ± 8 % 

• angula r distributio n 77 % withi n  ± 30 ° 

• IR-radiatio n  (> 3 ìçç ) in  testplan e 0 .. 10 Ê  belo w ambien t tem p 

• ambien t temperatur e 18. . 30° C 

• win d velocit y abov e  collecto r 0 .. 20 m/ s 

• mai n  bea m directio n vertical* ) 

• dimensio n o f lam p fiel d 2.4 5 ÷ 1.5 0 m 2 

• distanc e  lamp s  - receive r 1.3 0 m 

• numbe r o f lamp s 16 5 

• coolin g  o f lam p fiel d ambien t ai r wit h  3 m/ s 

• nomina l powe r 24 k W 

• efficienc y 9.6 % 

*) modificatio n  in  autum n '90 : inclinatio n  angl e  o f lam p field : 0 t o  90 ° 

Fig .  2  Technica l  Dat a  o f  th e  Sola r  Simulato r  SUS I  I 

The  calculate d irradianc e  wa s  withi n ±  4. 5 % (standar d devia -
tio n ±  1. 3  % ) .  I n  practic e  thi s  valu e  coul d no t  b e  reache d du e 
t o  variation s  i n  lam p production . 

Up t o  no w (Jun e  '90 )  th e  simulato r  worke d fo r  mor e  tha n 65 0 h . 
Withi n thi s  tim e  1 4 collector s  hav e  bee n investigated .  Mos t 
measurement s  wer e  efficiency-curve s  wit h differen t  parameter s 
(flow-rate ,  intensit y  etc.) ,  beside s  als o stagnatio n tempera -
ture s  an d instantaneou s  heating-u p curve s  wer e  made .  1 1 lamp s 
hav e  faile d an d wer e  replaced .  Afte r  65 0 h  abou t  1 0 % o f  th e 
origina l  intensit y  i s  lost .  Th e  lamp s  wer e  agein g differentl y 
an d s o th e  homogeneit y  get s  wors e  o f  u p t o  ±  1 0 % (minimum/ma -
ximum )  .  Als o a  smal l  chang e  i n  spectra l  distributio n ha s  bee n 
found :  th e  par t  o f  th e  irradianc e  betwee n 40 0 an d 100 0 n m 
decrease s  fro m 6 8 t o  6 4 % (1 7 V )  respectivel y 7 1 to  6 7 % (1 9 V ) 
(AM2:  7 3  % ) . 

Fig .  3  show s  th e  repeate d measuremen t  o f  th e  efficiency-curv e 
of  th e  sam e  flat-plate-collector .  Betwee n bot h experiment s  ar e 
aroun d 55 0 h  o f  operation .  A n additionall y  performe d outdoor -
tes t  show s  a  rathe r  goo d agreement ,  th e  respectiv e  efficiency -
value s  ar e  betwee n 0  an d 0.0 2 abov e  th e  indoor-measurements .  A 
repetitio n o f  a n efficiency-valu e  give s  a  relativ e  deviatio n o f 
les s  tha n 1% ,  th e  relativ e  accurac y i s  estimate d t o  b e  bette r 
tha n 2  %. 
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Fig .  3  Efficienc y Curv e  o f  a  Fla t  Plat e  Collecto r 
wit h ne w lamps ,  afte r  55 0 h  an d unde r  outdoor -
condition s 

POTENTIAL AND FUTURE WORK 

The  ver y stabl e  tes t  condition s  allo w th e  accurat e  investiga -
tio n an d improvemen t  o f  sola r  collectors .  Fig .  4  show s  th e 
efficienc y curv e  o f  a  ne w collecto r  wit h paralle l  connecte d 
absorbe r  tubes .  Thi s  efficienc y i s  a  stron g functio n o f  th e 
flow-rate .  A  loo k a t  th e  outlet-temperatur e  a t  1 7 1/ h give s  a 
larg e  stochasti c  fluctuatio n o f  aroun d ±  4  °C ,  al l  othe r 
parameter s  ar e  kep t  strictl y  constant .  Thi s  coul d b e  du e  t o  a n 
unequa l  flo w throug h th e  tubes .  A  connectio n i n  serie s  indee d 
brough t  a n improvemen t  o f  abou t  4  % absolute . 

0. 8 

0. 6 

0. 5 

i 
i . , 

serial ; flo w 6 0 l/h  | 
! - - - - -- I 

! parallel ; flo w 6 0 l/h  | 

j ·  ! 1 .. parallel ; flo w variabe l [ 
8 1 l/h A #, 

3 9 l/h A * 
3 0 l/h A  " r^ \ 

• 2 4 l/h 

A 1 7 l/h 

Irradianc e I 
76 9 W / m 2 I 

I 
Ambien t Temp . 2 5 °C | : 
Win d 4 m/ s I 

-0.0 2 0 0.0 2 0.0 4 0.0 6 0.0 8 0. 1 

(Tfluid  - Tamb ) / Irradianc e  [m 2*K/W] 

Fig .  4  Efficienc y curve s  fo r  a  ne w collector ,  a t  dif -
feren t  flow-rates ,  wit h paralle l  an d seria l 
absorbe r  tub e  connectio n (Tfluid  - Tamb ) / Irradianc e ] 
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I n  Fig .  5  th e  efficienc y o f  a n evacuate d flat-plate-collecto r 
i s  presente d a s  a  fuctio n o f  inne r  pressur e  (al l  othe r  parame -
ter s  wer e  kep t  constant) .  I n  thi s  cas e  th e  optimu m pressur e 
seem s  t o  b e  belo w 10 0 mbar ,  jus t  befor e  convectio n starts . 

·• 

- I Flow-rat e  7 0 l/h  ;  Irradianc e  74 0 W / m 2 
; Win d 0 m/ s  ;  Inlet-Temp . 8 5 °C ! 

0. 1 10 10 0 1.00 0 

Pressur e  [mbar ] 

Fig .  5  Efficienc y o f  a n evacuate d fla t  plat e  collec -
to r  versu s  collecto r  pressure . 

Furthe r  experiment s  hav e  bee n don e  wit h win d velocit y  o r  inten -
sit y  a s  parameter .  I n  th e  nex t  months ,  th e  simulato r  wil l  b e 
mounte d int o a  tiltabl e  frame ,  s o tha t  fo r  instanc e 
heat-pipe-collector s  ca n b e  investigated .  Furthermor e  th e  con -
structio n o f  a  high-temperatur e  thermostati c  control-uni t  (u p 
t o  18 0 °C )  i s  planned .  Thi s  extensio n o f  th e  temperature-rang e 
i s  usefu l  fo r  th e  assessmen t  o f  process-heat-collectors ,  e.g . 
wit h transparen t  insulatio n material s  o r  lo w concentratin g 
mirro r  arrangement s  ( C <  2.5) . 

I n  discussio n i s  th e  applicatio n a s  a  tes t  devic e  fo r  smal l 
passiv e  sola r  component s  respectivel y fo r  photovolati c  systems . 

CONCLUSION 

The  sola r  simulato r  SUS I  I ,  develope d a t  th e  ISFH ,  provide s  a 
goo d an d cost-effectiv e  artificia l  ligh t  sourc e  fo r  th e  inve -
stigatio n o f  sola r  collectors .  Assiste d b y auxiliar y devices , 
measurement s  ca n b e  don e  wit h hig h reproducibility.  Thu s  a  mor e 
detaile d analysi s  o r  a  therma l  optimizatio n o f  a  collecto r  i s 
possible ,  an d a  collector-manufacture r  ca n ge t  experimenta l 
suppor t  t o  develo p ne w collectors . 
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ABSTRAC T 

Since aroun d fifteen  year s a theor y of "chaos "  ha s developed . Thi s theor y seems to shed 
light on man y aspect s of science, biology, an d huma n endeavors . W e shal l conside r  some 
of it s mathematica l an d empirica l facts . 

KEYWORD S 

Chaos , weather , overcast , iteration , recursion , nonlinear , Feigenbaum . 

1.  Introductio n 

Conside r  Fig . 1. Assum e tha t particle s of transparen t atmospher e (molecule s of oxygen , 
nitrogen , etc. ) repeatedl y pus h alien particle s (molecule s of wate r  vapour , etc.) . Conside r 
a regio n of spac e wher e th e speed of th e atmospher e particle s ha s a maximu m (du e t o in -
crease d temperature , say) . Th e maximu m is indicate d by th e curv e in th e figure.  An 
alien particl e will sometime s be pushe d closer  t o th e maximum , sometime s furthe r  off. 

Th e axes of Fig . 1 ar e labelle d "space "  an d "pushs" . W e thin k of "space "  as three -
dimensional , an d we thin k of "pushs "  as three-dimensiona l vectors . (Fig . 1 is ver y 
simplified. ) 

Wha t will be th e motio n of th e alien particles ? A perso n who can answe r  thi s questio n 
ma y be abl e t o predic t weathe r  accurately . Ther e will probabl y never  be such a person . 
W e restric t our  attentio n to a mathematica l model . Infinitel y man y model s can be con -
structed ; our  choice is probabl y th e simples t possible . Does thi s mode l tel l anythin g 
abou t phenomen a in nature ? 

2.  Th e model tha t we consider 

Assum e tha t k an d x n ar e given numbers , 0 < A; < 4 an d 0 < z n < 1. Conside r  th e 

sequenc e Xq , 2^ ,  a^,.- , xni'~> 01 shorte r  {zn}> tha t is define d by th e recursio n formula : 

V i = f or » " « . É Á · · · · (1) 

Th e infinit e sequenc e is said to be obtaine d by iteration . 

W e defin e function s y = fJx)  by: 

30 1 
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Fig . 1 .  Particles  of clean  air  Fig . 2 .  The curves y = fk(x) 

push  alien  particles.  for certain  values of k. 

y=fk{z) = k(x-x\ 0 < * < 1 .  (2 ) 

Fig . 2  shows graph s for  some of thes e functions . Th e curve s (parabol a arcs ) sweep th e 
ï 

regio n betwee n a segmen t of th e x-axis an d th e ar c y = Aix - ÷ ) ,  0  <  ÷ < 1 ,  as k 
increase s fro m 0  t o 4 .  Th e segment , th e latte r  ar c (dotte a in th e figure ) an d th e end 
point s of th e segmen t (denote d by smal l circles ) do not belon g to th e region . Eac h curv e 
ha s a maximu m point : (1/2 ,  k/i). Th e fc-values  in Fig. 2  ar e not arbitraril y chosen ; we 
shal l see in th e following tha t each of the m is of interest . Th e function s (2 )  ar e nonlinear , 
i.e. the y ar e not polynomial s of degre e 1 . 

Th e dotte d segmen t in Fig. 2  an d th e iteratio n formul a (1 )  ar e our  mode l of "space "  an d 
"pushs "  in Fig . 1 .  Ou r  assumption s impl y that , for  an y k an d XQ, th e entir e sequenc e 

{x\ is situate d in th e interva l 0  <  ÷ < 1 . 
1 nJ 

3.  Visualizatio n 

Fig. 3  shows a way to visualiz e (par t of) a seauenc e (1) .  Th e vertica l line throug h 
(&Q, 0 )  intersect s th e curv e (2 )  at th e poin t (XQ, X^) . Fro m there , a horizonta l line 

intersect s th e bisecto r  y = ÷ of th e first  quadran t at (xp x^j.  Th e vertica l line throug h 

th e latte r  poin t intersect s (2 )  at (x^  x 2) . Goin g on in thi s way, we construc t (a finite 

subsequenc e of) {xn}-

Assum e k > 1 .  The n th e bisecto r  y = ÷ intersect s th e curv e (2 )  at a poin t C, in 
coordinat e form : (c,c), with c = l - l / / b . A shor t computatio n gives th e derivativ e of 
th e functio n (2 )  for  ÷ = c: 

/jj.(x ) = 2  -  k. Henc e | /^ ,(c) | < 1  for  1  <  k < 3  an d \f'£c)\  >  1  for  k > 3 .  Thes e 

two cases ar e illustrate d in Figs . 4  an d 5 .  Assum e tha t k Ö 3  an d tha t ÷íÖ c is 
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y 
y = ÷ 

y =  ÷ 

Fig .  3 .  A; = 3, x n = 0.2. 

The first few x^ . 

Fig .  4. k= 2.5. 

The point ÷ = c 

attracts  ÷ . 

Fig .  5 .  k = 3.5. 

The point ÷ = c 

repels ÷ . 
'n ' 

situate d in a smal l neighborhood , N> of c wher e \ f j £ z ) \ - 1 does not chang e sign; 

such an Í  exists , for  fjj^x)  is a continuou s function . Th e figures  indicat e that , with ç 

increasing , c attract s xn for  k < 3, while c repel s x^  for  k > 3 (a t leas t for  smal l 

n) . T o prov e thi s rigorously , use th e mea n valu e theore m to show th e existenc e of a 
numbe r  î  betwee n c an d xn such tha t f^n) - c = (÷ç - c). 

Now assum e tha t 0 < k< 1. Then , by (1), x n +1 < xn for  all n. It follows tha t th e 

sequenc e (1) is decreasin g and , hence , ha s a limit . Fig . 6 indicate s tha t th e limi t is zero ; 
a rigorous  proo f is readil y constructed . Th e case 0 < k < 1 is of no interes t in thi s 
article ; we tur n t o large r  value s of k. 

4. Periods . Th e cases 1 < k  < 3 

Conside r  a sequenc e (1). Ther e ma y exist positiv e integer s ç  an d ñ such tha t 
3 - . ~ = The n th e number s ÷ . æ t Ë, É ë éì t will come bac k periodicall y fro m ç 

n+p ç  ç1 ç+À'  n+p-l * J 

onwards . W e shal l say tha t XQ gives rise  t o a periodi c sequenc e or , shorter , tha t x n is 

periodic. If ñ is th e smalles t positiv e intege r  with thi s property , we say tha t ñ is th e 
period of x n. I t is seen tha t th e subset , 5, of periodi c startin g value s x n is infinite . 

However , 5 is a ver y tin y subse t (a denumerabl e subset ) of th e interva l 0 < ÷ < 1: If 
XQ is chosen at random , it s probabilit y t o be periodi c is zero . Fig. 6 an d it s contex t show 

that , for  0 < fc< 1, no x n is periodic . But for  k > 1, ther e exist infinitel y man y 

periodi c startin g value s x n, amon g the m th e c in th e contex t of Figs . 4 an d 5. Thi s x n 

ha s th e perio d ñ = 1. W e tak e a closer  look at k-values  large r  tha n 1: 

(a ) Assum e 1 < k < 2. The n th e maximu m poin t of th e curv e (2) is situate d to th e 
right  of or  exactl y on th e bisecto r  y = x. Fig. 7 indicate s tha t th e sequenc e {x^} ha s 

th e limi t c = 1 - 1/k. Thi s is readil y proved , usin g idea s fro m figures,  such as Fig . 7. 
Hence , ever y sequenc e (1) ha s th e limi t c, an d ther e is only one period : ñ = 1. 
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y 

* 3 ÷ 2 x 1 

y = ÷ 

÷ 

Fig.  6 .  A; = 1, x n = 0.4. T/ie Pig . 7. fc = 1.8, xQ = 0.7. The 

diagram  suggests ÷ -» 0. diagram  suggests ÷ -» c. 

(b) Assum e 2 < A; < 3. Thes e cases ar e harder . Diagram s (as Figs . 3 an d 4) indicat e 
tha t each sequenc e (1) ha s th e limit c = 1 - Ilk. Test s on a compute r  suppor t thi s 
observation . (Th e autho r  mad e severa l tests . For  k = 3, a proo f is given below in an 
appendix. ) In sum , it is ver y probabl e tha t ever y sequenc e (1) ha s th e limi t c an d tha t 
ther e is only one period , ñ = 1. 

5.  Th e  case s  3  <  k  <  4 

Fig . 5 an d it s contex t indicat e tha t complication s occur . Thes e ar e difficul t t o master ; in 
wha t follows we give a resum e of empirica l results , almos t withou t mathematica l justifi -
cations . W e pa y specia l attentio n to periodi c startin g values , for  thes e hav e turne d out 
t o serv e as "skeletons "  in our  investigations . For  ñ = 2 (similarl y for  ñ > 2), t o find 
periodi c startin g values , we defin e J^x)  by (2) an d we solve th e equatio n f^f^x))  = 

Thi s is an algebrai c equatio n of degre e 4, an d it ha s th e root s ÷ = 0 (noninteresting) , 
÷ = 1 - 1/k (alread y know n for  us) an d two mor e roots . It is verifie d tha t thes e latte r 
root s ar e rea l an d distinc t if an d only if k > 3. An exampl e is given in Fig . 8. Thi s 

ï 
figure  shows a par t of th e curv e y = /^(x ) = 3.2(x - ÷ ) an d a squar e with thre e im -
portan t properties : (1) it s sides ar e paralle l to th e coordinat e axes; (2) it ha s tw o 
vertices , A an d £ , on th e curve ; (3) it ha s two vertice s on th e bisecto r  y = x. (Ther e 
is such a squar e for  ever y k > 3.) Th e vertica l sides hav e th e x-coordinate s x n = 0.513 

an d x 1 = 0.799. (Ou r  decima l fraction s with mor e tha n one decima l ar e correctl y 

rounde d off value s of some rea l numbers. ) Henc e XQ (an d also x^) is periodi c with 

perio d ñ = 2. Further , I / ^ Q ) ' / ^ ^ ) ! < 1· Repeate d applicatio n of th e mea n valu e 

theore m the n shows tha t th e squar e in Fig. 8 attract s th e polygon s of othe r  startin g 

values . I t is verifie d tha t such an attractio n occur s for  3 < x n < 1 + <â « 3.449, while 

repulsio n occur s for  x n > 1 + ŷ > · In th e forme r  case, ever y sequenc e {xn} ha s 

subsequence s { a ^ n} an d { ^ ^ i } w* t n d i s t m ct limits : 0.513 an d 0.799 when k an d XQ 

ar e as in Fig . 8. 
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Pig . 8. Period  p = 2,k = 3.2, Pig . 9. Penod  p = 4,k= 3.6 , 
XQ = 0 .513, ÷ ÷ =  0.799. XQ = 0.3552, ÷ ÷ =  0.5454, . . . . 

For  k > 3.449, th e squar e of Fig. 8 is replace d by an octagon ; see Fig . 9. I t is verifie d 
tha t thi s octago n attract s for  k < 3.565, repel s for  large r  value s of k. Some informatio n 
(obtaine d on a computer ) on some mor e value s of ñ is given in Fig . 10 an d accompany -
ing tables . Th e letter s "a "  an d "r "  in Fig. 10 an d it s table s refe r  t o "attract "  an d 
"repel" . In Fig . 10, attractio n an d repulsio n ar e denote d by a whole line an d a dotte d 
line respectively . Th e lette r  "F "  denote s th e limi t of th e sequenc e a^,  a^,.. . an d 

refer s t o th e America n physicis t Feigenbaum . Th e number s an d ry of Fig . 10 hav e 
_ 7 

th e interes t tha t thei r  differenc e is quit e small : ry - « 2 · 10 . I n Fig . 10 we hav e 

abstaine d fro m tryin g to use unifor m scales on th e axes . 

Aroun d 1975, Mitchel l Feigenbau m pu t down a considerabl e amoun t of numerica l wor k 
(partiall y on computers ) on th e subjec t of thi s article : ( 1 ) He discovere d th e sequenc e of 
number s tha t we hav e aenote d a 2, a^,  ag,... . (2 ) He discovere d th e constan t tha t we 

hav e denote d by F.  (3 ) He discovere d tha t th e ratio s of successive term s in th e sequenc e 
- O p - ag "  Á4>··· t e n^  to a limi t for  increasin g n, an d tha t thi s limi t does not 

depen d on th e particula r  functio n chosen in (2) . (Th e limi t is aroun d 4.669. Feigenbau m 
determine d it t o 10 decima l places. ) Thi s las t resul t is trul y remarkable . Gleick (see th e 
referenc e below) tell s a lot abou t Feigenbau m an d his achievements . 

6.  Chaos . Th e case k  =  4 .  Cloud s 

Conside r  Fig . 10. For  a nonperiodi c startin g valu e XQ, large r  tha n F , a sequenc e {x^} 

usuall y become s chaotic : Th e number s x^  ar e tightl y packe d everywher e in th e inter -

val 0 < ÷ < 1. Ther e ar e some exceptions : tin y interval s for  XQ, as indicate d by th e 

right-han d par t of th e figure.  Th e figure  suggest s tha t thes e interval s ar e "chaoticall y 
distributed" . 

W e illustrat e th e tigh t packin g by an example . Assum e tha t k = 4. (W e her e skip an 
assumptio n in Section 2, acceptin g th e dotte d curv e in Fig. 2.) Assum e tha t {x^} is a 

nonperiodi c sequence . Let ÷ an d ÷ ë be successive member s of th e sequence . 
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ï * 

ï - · -
ï  * 

1 Ã Ô º Ã 
á2 á 4 a gF 4 

3 - I 

5 

7 

6 Ï—È-

á7 á 5 

Ñ 
áÑ 

Ñ 
áÑ 

Ñ 
áÑ rP 

1 1 8 3.544 3 3.8284 3.8285 
2 3 16 3.565 5 3.738 3.741 
4 3.449 F 3.571 6 3.627 3.631 

7 3.702 3.702 

Fig . 10 .  Starting  values for attracting  and  repelling  sequences  for some periods p. 

Associat e with the m angle s a an d â as in Fig . 11. Set x= ÷• = (1 - cos a) 12 in th e 
ç 

equatio n y = 4(x - a?) . It is readil y compute d tha t y = xn+̂  = (1 - cos 2a ) /2 . Henc e 

â = 2á . Assum e (aimin g t o get a contradiction ) tha t th e number s % n ar e not tightl y 
packe d everywhere . The n ther e is a larges t circl e ar c a in Fig . 11 (or  one amon g severa l 
larges t arcs ) t o which ther e correspond s no xn . Doublin g angle s gives an ar c b withou t 

an y correspondin g ^ n + 1, henc e a large r  arc . (Th e exceptiona l case tha t b ha s ZQ as it s 

midpoin t is easily dispose d of.) Th e contradictio n implie s tha t th e xn ar e dens e 

everywhere , i.e. tha t chao s prevails . 

Conside r  a cloud . It s interio r  part s remin d of our  case k — 4. It s boundar y part s hav e a 
fine structure , remindin g of cases earlie r  in our  text . Man y observation s in th e physica l 
worl d exhibi t simila r  patterns . 
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0 ÷ 

ç +1 

Fig . 11. A certain  angle 
is doubled. 

Fig . 12. A; = 3. New coordinates 
have the origin  C. 

APPENDIX . TH E CAS E k  =  3 

Assum e k = 3. Thi s case is a bi t tricky , for  th e expressio n \f^(x)  | - 1 change s sign at 

x = c = 2/3 (see Fig . 12). W e assum e 1/3 < z n < 2/3. (Thi s is no essentia l restriction : 

If Xq = 1/3 or  z n = 2 /3 , the n ever y following xn = 2/3; if xQ < 1/3, or  x n > 2 /3 , 

ther e is an ç  with 1/3 < xn < 2/3 , an d we can use thi s xn as a "ne w zn". ) W e 

introduc e new coordinate s (see Fig . 12): ÷ = 2/3 + î , y = 2/3 + 77 ,  an d we set £ n = x n -

2 /3 , î 1 = xl - 2 /3 , î 2 = *2 "  2/ 3, ° D S e r v i ng t n at ( 2) n ow ^  y = 3(z - ÷2) , a 

computatio n gives î ÷ = - 3 £ 2 - fft. The n £ 2 = 3 î 2 - ^  = - 3 ( 3 £ 2 + £ 0) 2 + (3{J  + £ 0) , 

whenc e £ 2 ~ ^0 = ~ 2 7̂ 0 ~ 1 8^ 0 = ~~9̂ 0 ( 3̂ 0 + 2) * T n is l a st ^ Ö 1 6 8 8* 0 11 h as a P 0 8 i* ive 

value , becaus e - 1 / 3 < £ n < 0. Further , £ 2 < °- Henc e th e sequenc e { £2 n}> 

even indices , is increasing , an d it ha s a limit . It is seen tha t th e limi t is zero . It follows 

tha t th e sequenc e { £ 2 n +] h 0 (^  m ( u c e s> ^ 8 0 n as t ne ^ n" t z e r 0* ^ 8 8 n o ws t n at 

th e origina l sequenc e {xn} ha s th e limi t 2/3. Summin g up , we hav e th e limi t 2 /3 for 

k = 3 an d ever y x n . 
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ABSTRACT 

Absorptio n hea t  transformer s  ar e  considered ,  feede d wit h lo w 
temperatur e  water ,  a s  comin g fro m fla t  typ e  sola r  collectors . 
Th e  temperatur e  o f  th e  wate r  i s  raise d t o  reac h th e  minimu m 
require d valu e  fo r  residentia l  heating .  A  thermodynami c  stud y 
i s  performe d an d th e  overal l  coefficien t  o f  performanc e  i s 
discusse d a s  a  functio n o f  th e  mixture s  properties .  Beside s  a 
numbe r  o f  mixture s  ar e  considere d wit h dat a  collecte d fro m 
Literature ,  suc h as :  P-T- X equilibriu m charts ,  laten t  heats , 
heat s  o f  mixing ,  specifi c  heats ,  specifi c  volumes .  A  compute r 
progra m i s  develope d whic h allow s  t o  ge t  a  dynami c  respons e  o f 
th e  performance s  o f  a  standar d residentia l  heatin g syste m whe n 
th e  differen t  mixture s  ar e  use d i n  th e  hea t  transformer . 
Variou s  operatin g condition s  ar e  examined ,  whic h ar e  concerne d 
wit h th e  mos t  commo n climati c  situations ,  an d th e  prope r  fiel d 
o f  applicatio n fo r  eac h mixtur e  i s  indicated . 

KEY WORDS 

Absorption ,  Heating ,  Energ y savings . 

1 .  Introduction , 
Th e  Absorptio n Machin e  operatin g wit h a n inverte d cycl e  i s 
usuall y  referre d t o  a s  th e  "hea t  transformer" .  Suc h nam e  i s 
appropriat e  indeed ,  becaus e  th e  hea t  transforme r  raise s  a 
quantit y  o f  hea t  Q  fro m a n intermediat e  temperatur e  leve l  t o  a 
highe r  level ,  whil e  anothe r  quantit y  o f  hea t  Q 1 i s  lowere d fro m 
th e  intermediat e  leve l  t o  th e  environmen t  temperature .  Th e 
highe r  leve l  ma y b e  th e  utilizatio n temperature ,  whil e  th e  hea t 
sourc e  a t  th e  intermediat e  temperatur e  ma y b e  wast e  hea t  o r 
sola r  energy .  I n  thi s  wa y lo w cos t  collectin g devices ,  v iz . 
flat-plat e  sola r  panels ,  ma y b e  use d fo r  application s  suc h a s 
residentia l  heatin g wit h highe r  efficiency .  Th e  absorptio n hea t 
pump s  als o allo w t o ge t  th e  sam e  purpose ,  bu t  the y requir e  a 
hig h temperatur e  hea t  sourc e  t o  fee d th e  generator .  O n th e 
contrary ,  th e  absorptio n hea t  transformer s  nee d no t 
supplementar y hea t  sources ;  compare d wit h th e  absorptio n hea t 
pumps ,  however ,  th e  hea t  transformer s  requir e  a  relativel y 
highe r  temperatur e  o f  th e  heatin g sourc e  an d tha t  ma y b e  a 
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negativ e  featur e  whe n sola r  plant s  ar e  utilized .  Infac t  th e 
hea t  pump s  ma y us e  sola r  fluid s  a t  an y temperature ,  ver y clos e 
als o t o  th e  environmen t  temperatur e  T Q,  whil e  th e  hea t 
transformer s  hav e  t o  b e  seede d b y fluid s  heate d t o  a n 
intermediat e  temperatur e  T 3 betwee n th e  environmen t  an d th e 
utilizatio n temperatur e  T u:  a s  a  firs t  approximation ,  T 3 ma y b e 
se t  equa l  t o  th e  arithmeti c  mea n valu e  betwee n T u an d T Q. 

A researc h progra m involvin g hea t  transformer s  i s  bein g carrie d 
on b y th e  Italia n Nationa l  Counci l  fo r  Research ,  Energ y 
Finalize d Project ,  i n  collaboratio n wit h th e  Universit y  o f  Rom e 
"L a  Sapienza" ,  Departmen t  o f  Technica l  Physics ,  an d wit h th e 
Universit y  o f  Perugia ,  Institut e  o f  Energy ,  Th e  mentione d 
progra m consist s  o f  a  numbe r  o f  steps :  first ,  studyin g th e 
thermodynami c  fundamental s  o f  th e  hea t  transformer s  [1] ,  [2] ; 
second ,  surveyin g th e  applications ,  especiall y  relate d t o 
residentia l  heatin g an d sola r  energ y utilizatio n [3] ;  third , 
comparin g th e  variou s  fluid s  performances ,  i n  connectio n wit h a 
selecte d application ;  th e  fina l  too l  i s  t o  desig n a  prototyp e 
of  th e  engine . 

The  presen t  pape r  i s  place d withi n th e  thir d ste p o f  th e 
researc h progra m an d illustrate s  th e  result s  o f  a  compute r 
simulatio n dealin g wit h th e  utilizatio n o f  fiv e  solute-solven t 
pairs ,  whic h ar e  (firs t  mentionin g th e  refrigerant) : 

-  Ammonia-Aqu a  (NH3-H2O) ; 
-  Aqua-Lithiu m Bromid e  (H 20-LiBr) ; 
-  Methanol-Lithiu m Bromid e  (CH^OH-LiBr) ; 
-  Methanol-Lithiu m Bromide-Zin c  Bromid e  (CI^OH-LiBr-ZnBro) ; 
-  Difluorochloromethan e  (R22 )  -  Tetraethylen e  Glyco l  Dimethy l 

Ethe r  ( C H C 1 F 2 - C 1 0 H2 2 ° 5 ) · 
The  compariso n i s  performe d wit h referenc e  t o  th e  schem e  o f  a 
hea t  transforme r  feede d a t  a  variabl e  intermediat e  temperatur e 
an d whic h supplie s  a  variabl e  temperatur e  utilizer ;  thi s  schem e 
may adequatel y simulat e  th e  situatio n o f  a  sola r  assiste d 
residentia l  heatin g plant . 

2 . Schem e  an d Hypothesis , 

The  simplifie d interna l  operatin g schem e  o f  a n absorptio n hea t 
transforme r  i s  sketche d i n  fig .  1  [1] ,  [2 ] .  I n  addition ,  a 
possibl e  layou t  o f  th e  whol e  syste m i s  arrange d i n  fig .  2 .  Th e 
absorbe r  operate s  a t  th e  highes t  temperatur e  T a reache d withi n 
th e  engin e  an d i t  supplie s  th e  heatin g plan t  a t  a  variabl e 
temperature .  Th e  evaporato r  an d th e  generato r  operat e  a t  th e 
sam e  intermediat e  temperature : 

The  mea n temperatur e  T w o f  th e  flui d circulatin g i n  th e  sola r 
plan t  i s  slightl y  higher ,  s o tha t  w e  ca n write : 

T w =  T g +  5° C ( = T e +  5°C )  (2 ) 

We  suppos e  tha t  th e  collectin g device s  ar e  flat-plat e  iro n mad e 
sola r  collectors ,  covere d wit h a  3  mm thi n shee t  o f  standar d 
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Fig .  1 :  simplifie d schem e  o f  a n absorptio n hea t  transformer . 

transparen t  glass ;  s o w e  ma y conside r  a n efficienc y o f  abou t 
0.45 ,  whe n th e  differenc e  betwee n T w an d th e  environmen t 
temperatur e  i s  se t  equa l  t o  50° C [4] ,  tha t  i s  t o  say : 

Vc = cos t  =  0.4 5 

T w =  T 0 +  50° C 

( 3 ) 

( 4 ) 

Th e  environmen t  temperatur e  T Q i s  suppose d variable ;  infac t  i t 
i s  interestin g t o  stud y th e  variation s  o f  th e  performance s  o f 
th e  syste m a s  a  functio n o f  th e  externa l  ai r  temperature .  Th e 
condense r  temperatur e  T c ha s  t o  b e  slightl y  highe r  tha n T Q an d 
i t  ma y b e  set : 

T c =  T 0 +  5° C (5 ) 

Finall y  th e  rati o  m  betwee n th e  solutio n an d refrigeran t  flow -
rate s  i s  assume d constan t  an d equa l  t o  10 : 

= g s / g r =  cos t  =  1 0 (6 ) 
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Fig .  2 :  genera l  layou t  o f  a  sola r  heatin g plan t  utilizin g a 
hea t  transformer .  P S =  sola r  panel ;  S A =  wate r  tank ;  TD C =  hea t 
transformer ;  I R =  heatin g plant ;  C A =  furnace ;  S R =  coolin g 
system ;  Ñ  =  pump ;  V  =  valve . 

3 .  Evaluatio n o f  th e  Flui d Parameters . 

I n  orde r  t o  achiev e  th e  calculatio n o f  th e  syste m performance s 
i t  i s  necessar y t o  kno w th e  value s  o f  som e  physica l  propertie s 
o f  th e  involve d fluids ,  suc h as : 

-  specifi c  hea t  o f  th e  liqui d refrigerant ; 
-  specifi c  hea t  o f  th e  refrigeran t  vapour ; 
-  specifi c  hea t  o f  th e  liqui d solutio n a t  th e  operatin g 

concentration ; 
-  laten t  hea t  o f  evaporatio n o f  th e  refrigeran t  a t  variabl e 

temperature ; 
-  differentia l  hea t  o f  solutio n a t  th e  operatin g concentration s 

an d temperatures ; 
-  specifi c  volum e  o f  liqui d refrigerant ; 
-  specifi c  volum e  o f  liqui d solution . 

A relatio n ha s  bee n writte n fo r  eac h parameter ,  directl y 
derive d fro m Literatur e  o r  determine d b y interpolatin g o f  th e 
experimenta l  disposabl e  dat a  fro m th e  Literatur e  [5 ,  6 ,  7 ,  8 , 
9,  10 ,  11 ,  1 2 ] .  Thes e  ar e  usuall y  relation s  containin g a  numbe r 
o f  numerica l  constants ,  tha t  hav e  bee n summarize d i n  tabl e  1 , 
fo r  th e  differen t  solutions .  Th e  for m tha t  i s  assume d fo r  eac h 
relatio n i s  a s  follows : 

-  Specifi c  hea t  o f  th e  liqui d refrigerant : 

^p, R =  Al  + A2 T + A3 T* 
-  Specifi c  hea t  o f  th e  refrigeran t  vapour : 

>p, v "  Bl  + B2 T + b3 t 2 

-  Specifi c  hea t  o f  th e  solution : 

5p, s  -  cl  + c2  x 

(7 ) 

(8 ) 

(9 ) 
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Tabl e  1 :  va lue s  o f  th e  cos tan t s  A i t B i # C A,  E ^ ,  F±,  G ^  fo r  d i f fe ren t  | 

r e f r ige ran t -absorben t  pair s 

N H3- H 20 H20 - L i B r CH-jOH-LiB r C H30 H - L i B r - Z n B r 2 CHCIF2— C10^2 2^ 5 

I A l A.59 7 A.21 1 A.17 2 3.78 5 A .56 7 1 

|  A 2 0.005 9 -1 .27 6 1 0 " 3 0.0A5 6 -0 .563 2 -0 .678 A 1 

I A 3 A.3 2 1 0 " 5 1.29 5 1 0 " 5 3.1 2 1 0 " 5 2.5 6 1 0 " 5 A.A A É Ï " 5 1 

I B1 2.05 9 1.85 8 12.5 6 A.3 8 7.5 6 1 
|  B 2 0.0013A 3 0.001 2 0.0015 A 0.0021 2 0.0013 A 1 

I B 3 2.A 9 1 0 " 6 0.000015 6 0.000017 8 0.000021 5 0 .000031 7 1 

I c i A.1 8 A.1 8 A.1 6 A.1 9 A.1 A 1 
I C 2 0.7 1 -3.0 9 -2 .1 2 3.1 8 -A .1 7 1 
I D l 1262. 6 2500 . 3 1890. 8 2A08. 5 2753. 5 1 

|  D 2 -3.503 1 -2 .22 7 -A.197 3 -3 .9A 2 - 3 . 8 9 2 1 

|  D 3 -1 .35 9 -3.1 1 1 0 " 3 -3.1 2 1 0 " 3 -1 .3A 5 -1 .76 2 1 

|  D A 2.6A 5 1 0 " 5 A.A 3 1 0 " 5 3.7 8 1 0 " 5 2.5 6 1 0 " 5 A.3 6 É Ï " 5 1 
I D 5 -853 7 1 0 " 7 -3 .7 8 1 0 " 7 -A.7 8 1 0 " 7 -2 .56 3 1 0 " 7 -3 .A 5 É Ï " 7 1 
I E l 2161 . 7 5.6 5 1 0 " 2 3.A7 2 1 0 " 2 3.22 A 1 0 " 2 A.1A 3 É Ï " 2 1 
|  E 2 -2210 . 8 -A1 .3A 8 -23A.8 3 -12 8 -26A.9 2 1 

|  E 3 57A2. 8 623.3 1 2198. 9 A127. A 3871 . 8 1 

|  E A -10 .08 6 -1531 . 7 -15A.8 3 -1569. A -23 .7 8 1 

I E 5 A38 0 -12A6. 2 3A2 1 -312 2 -3AA 2 1 

I F l 1.56 2 1 0 " 3 2.78 2 1 0 ~ 3 3.7 5 1 0 " 3 32.1 1 1 0 " 3 1.7 8 É Ï " 3 1 
|  F 2 3.82 A 1 0 " 6 -2 .67 2 1 0 " 6 123.3 9 1 0 " 6 1.3 A 1 0 " 6 11. 9 1 0 " 6 1 
|  F 3 -5.9A A 1 0 ' 9 -3A. 3 1 0 ~ 9 -3. 7 É Ï " 9 -23 . 8 1 0 " 9 -12 .2 6 É Ï " 9 1 

I F A 2.20 3 1 0 " 9 21. 2 1 0 " 9 22. 1 1 0 " 9 2.A 3 1 0 " 9 1.A 5 É Ï " 9 1 
I G l 1.00 7 1 0 " 3 5.9 1 1 0 " 3 A.2 3 1 0 " 3 12.1 1 1 0 " 3 2.6 7 É Ï " 3 1 
|  G 2 2.1 5 -3.2 A -3 .A 8 -2 .3 2 -12 .7 8 1 

|  G 3 1.33 2 -123.8 9 -21 .3 8 -32 .7 8 -43. 1 1 
I G A -1.3 A 3.3 8 2.1 1 5.2 1 7.1 1 1 

wher e  X  i s  th e  concentratio n b y mas s  o f  th e  refrigerant , 

-  Laten t  hea t  o f  evaporatio n o f  th e  refrigerant : 

r(T )  =  D x +  D 2T +  D 3T 2 +  D 4T 3 +  D 5T 4 (10 ) 

wher e  Ô  i s  th e  absolut e  temperature . 

-  Differentia l  hea t  o f  solutio n (variatio n wit h  temperature) : 

s(X )  =  Å ÷ +  E 2T +  E 3T 2 +  E 4T 3 +  Å 5Ô 4 ÷ (11 ) 

wher e  Ô  i s  th e  absolut e  temperature . 

-  Specifi c  volum e  o f  th e  liqui d refrigerant : 

v R =  F x +  F 2T +  F 3 T 2 +  F 4T 3 (12 ) 

wher e  Ô  i s  th e  absolut e  temperature . 

-  Specifi c  volum e  o f  th e  solution : 

v g =  Gx +  G 2X +  G 3X 2 +  G 4X 3 (13 ) 

wher e  X  i s  th e  concentratio n b y mas s  o f  th e  refrigerant . 
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Fig .  3 :  determinatio n o f  th e  thermodynami c  condition s  o f  th e 
workin g flui d o n th e  P-T- X diagram . 

4 .  Engin e  Operatio n an d Performance s 

The  operatio n o f  th e  engin e  ma y b e  adequatel y illustrate d o n 
th e  P-T- X char t  o f  th e  solution ,  a s  i t  i s  show n i n fig .  3 .  Th e 
point s  C ,  G ,  E ,  A  ar e  representativ e  o f  th e  thermodynami c 
condition s  o f  th e  fluid ,  respectively ,  withi n th e  condenser , 
generator ,  evaporato r  an d absorber .  Th e  poin t  A m ax lay s  o n th e 
isother m Ô  =  T a m a x,  tha t  i s  th e  maximu m temperatur e  tha t  ma y b e 
theoreticall y  reache d b y th e  engine ,  whe n th e  flo w rat e  o f  th e 
solutio n i s  goin g t o  infinite .  A s  th e  positio n o f  th e  poin t  C 
varie s  wit h th e  environmen t  temperatur e  T Q,  th e  position s  o f 
th e  othe r  point s  ar e  als o variabl e  durin g th e  operatio n o f  th e 
engine ;  the y hav e  bee n determine d fo r  al l  th e  fluids ,  a s  a  ste p 
of  th e  calculus ,  i n  orde r  t o  ge t  th e  value s  o f  th e  engin e 
performances :  however ,  the y ar e  no t  reporte d i n  th e  text ,  fo r 
sak e  o f  brevity . 

Ther e  ar e  tw o meaningfu l  parameter s  i n  orde r  t o  poin t  ou t  th e 
performance s  o f  a n absorptio n machin e  and ,  i n  particular ,  o f  a 
hea t  transformer :  the y ar e  th e  therma l  rat e  an d th e  coefficien t 
of  performance .  Th e  forme r  take s  int o accoun t  th e  possibilit y 
of  a n engin e  o f  fixe d dimensio n t o  exploi t  a n assigne d therma l 
request ;  th e  latte r  take s  int o accoun t  th e  energeti c 
consumption s  o f  th e  machine .  Therefor e  th e  forme r  i s  relate d t o 
th e  initia l  cost s  o f  th e  installation ,  th e  latte r  t o  th e 
runnin g costs . 

We  defin e  "usefu l  hea t  rate "  o f  a  hea t  transforme r  th e  quantit y 
of  hea t  rejecte d fro m th e  absorbe r  t o  th e  utilizer .  I t  i s 
possibl e  t o  sho w tha t  th e  usefu l  hea t  rat e  i s  give n b y th e 
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followin g expressio n [1] : 

Qa =  r(T a)  +  s(X a,T a)  -  y s( T a- T g)  [ m - a ( m +l ) ] - y R > v( T a- T e)  (14 ) 

We  defin e  coefficien t  o f  performanc e  (CO.P. )  o f  a  hea t 
transforme r  th e  rati o  betwee n th e  therma l  rat e  an d th e 
correspondin g energ y assume d b y th e  engine ,  tha t  i s  t o  say : 
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C.O.P . = ô ̂  ô (15 ) 
Q g + Q e +L p S + LP R 

w n e r e  \ j a l a  g i v e n u y t r i e  í  i t ; a n a  t n e  q u a n t i t i e s  v ^ e, Lip < 

an d L p R ar e  bein g calculate d b y th e  followin g expression s  [1]: ' 

wher e  Q a i s  give n b y th e  (14 )  an d th e  quantitie s  Qg, Q e ,  L p s 

Q g =  r ( T g)  +  s ( X g, T g)  -  (l-a)(m+l )  r s ( T a- T g)  (16 ) 

Q e =  r ( T e)  +  r R > 1( T e - T c )  -  a R r R > v( T g- T c )  (17 ) 

JPS ' s m ( pa- pg ) 
VpS (18 ) 

PR L p R =  vR ( pe - pc )  (19 ) 

The  rati o m  betwee n th e  flo w rate s  g s a d g « i s  given ,  i n  th e 
particula r  cas e  o f  th e  hea t  transformer ,  b y th e  following : 
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5 .  R e s u l t s a n d D i s c u s s i o n , 

Th e  relation s  fro m (14 )  t o  (20 )  hav e  bee n introduce d i n  a 
compute r  progra m t o explor e  th e  variation s  o f  th e  performance s 
wit h th e  operatin g condition s  an d fo r  th e  differen t  fluids , 
whos e  characteristic s  ar e  liste d i n  tabl e  1 .  Th e  result s  hav e 
bee n se t  i n  th e  for m o f  graphic s  whic h correlat e  th e  therma l 
rat e  an d th e  C O . P .  agains t  th e  condensin g temperature .  I n  th e 
figg .  4 ,  5 ,  6 ,  7 ,  8  ar e  shown ,  respectively ,  th e  performance s 
o f  th e  mixture s  N H 3 - H 9 O , H?0-LiBr ,  CH 30H-LiBr ,  CH 30H-LiBr -
Z n B r 2,  R22-E181 ;  eac h figur e  i s  divide d int o tw o parts ,  a )  an d 
b ) :  th e  par t  a )  i s  concernin g wit h th e  usefu l  hea t  rat e  an d th e 
par t  b )  wit h th e  coefficien t  o f  performance . 

Fo r  al l  th e  mixture s  th e  usefu l  hea t  rat e  exhibit s  a  meaningfu l 
dependenc e  o n th e  condensin g temperature ,  whil e  th e  coefficien t 
o f  performanc e  ma y b e  considere d abou t  constan t  i n  a  larg e 
interva l  o f  th e  condensin g temperature :  tha t  i s  i n  accordanc e 
wit h th e  usua l  behaviou r  o f  th e  absorptio n machines . 

Th e  ver y importan t  resul t  i s  tha t  th e  usefu l  hea t  rat e 
diminishe s  wit h th e  increasin g o f  th e  condensin g temperature , 
an d so ,  rememberin g th e  ( 5 ) ,  tha t  diminishe s  wit h th e 
increasin g o f  th e  environmen t  temperatur e  T Q.  Therefor e  th e 
hea t  transforme r  look s  ver y attractiv e  fo r  residentia l  heatin g 
applications ,  becaus e  th e  usefu l  hea t  rat e  offere d b y th e  hea t 
transforme r  ha s  th e  sam e  tren d a s  th e  hea t  reques t  o f  a  heatin g 
plant · 

A compariso n betwee n th e  variou s  mixture s  show s  tha t  th e  bes t 
performance s  ar e  offere d b y th e  Water-Lithiu m Bromid e  mixtures , 
followe d b y Water-Ammoni a  an d Alcohol-Sal t  mixtures .  However , 
th e  Water-Ammoni a  mixtur e  i s  favourabl e  onl y i f  th e  externa l 
temperatur e  i s  ver y low .  Th e  mixtur e  R22-E18 1 show s  ver y poo r 
performance s  i n  al l  th e  operatin g conditions . 

m 

6 .  L i s t o f S y m b o l a . 

A =  Absorber ;  R 
C =  Condenser ;  r 
C.0.P.=Coefficien t  o f  Performance ; 
Å 

g 
G 
L 
m 
Ñ 
PS 
PR 
Q 

Evaporator ; 
Mechanica l  Energ y (KJ/Kg) ; 
Flo w Rat e  (Kg/sec) ; 
Generato r 
Mechanica l  Wor k (KJ/Kg) ; 
83/Sr '  ,  N 
Pressur e  (KPa) ; 
Solutio n Pump ; 
Refrigeran t  Pump ; 
Quantit y  o f  Hea t  (KJ/Kg) ; 

s  = 

Ô = 
í  = 
VE = 

VS = 

X = 

Hea t  Recuperator ; 
Hea t  o f  Evaporatio n (KJ / 
K g / ) ; 
Hea t  Exchange r  betwee n 
Solutions ; 
Differentia l  Hea t  o f  So -
lutio n (KJ/Kg) ; 
Temperatur e  (K,°C) ; 
Specifi c  Volum e  ( m 3/ K g ) ; 
Refrigeran t  Expansio n 
Valve ; 
Solutio n Expansio n 
Valve ; 
Mas s  Concentration . 

Indice s 

ï  =  Environment ; R =  Refrigerant ; 
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a  =  Absorber ; 
c  =  Condenser ; 
e  =  Evaporator ; 
g  =  Generator ; 

s  =  Solution ; 
u  =  Utilizer ; 
í  =  Vapour ; 
÷ =  Coolin g Fluid , 

1  =  Liquid ; 

Gree k letter s 

a =  Efficienc y o f  Hea t  Exchange r  S 
y =  Specifi c  Hea t  (KJ/K g K) · 
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ABSTRAC T 

Th e possibilit y of usin g differen t cooling tools workin g with lower  radian t temperature s 
an d highe r  air  velocity is explored . Lower  energ y consumption s ma y be achieve d in speci -
fic climate s with reasonabl e levels of therma l comfort . 

KEYWORD S 

Cooling , therma l comfort , radian t panels , energ y savin g 

INTRODUCTIO N 

Attentio n on energ y consumption s for  air  conditionin g of building s is rapidil y risin g in 
man y industrialize d countrie s du e to th e growt h of th e cooling demand . In 1988 in Italy , 
for  example , for  th e firs t tim e th e pea k power  deman d ha s bee n recorde d not durin g th e 
winte r  season , bu t in th e summe r  time . Moreover , alon g with th e highe r  importanc e assu -
med by th e service s sector , th e numbe r  of th e commercia l building s is largel y spreading . 
Therefore , new energ y savin g measure s shoul d be introduce d in orde r  to minimiz e th e 
energ y consumption s for  th e climatisatio n of thes e buildings . In thi s wor k we presen t a 
theoretica l stud y concernin g th e effects of a cold ceiling in connectio n with a fan . 
Wit h th e use of such a system , th e therma l comfor t condition s will be assure d in spit e of 
highe r  air  temperature , du e to th e combinatio n of lower  radian t temperature s an d th e ef-
fect of th e air  movement . 
A compute r  cod e develope d by th e author s (Buter a et al., 1984), base d on th e finit e dif -
ference s methodology , will be employed . A check will be performe d throug h two Italia n 
location s an d a compariso n will be mad e with a conventiona l air  conditionin g system . 
Figure s 1 an d 2 respectivel y repor t th e mea n monthl y value s of relativ e humidit y measu -
re d at th e minimu m an d maximu m mea n monthl y air  temperatur e an d th e minimu m an d 
maximu m temperature s for  th e summe r  season of two selected locations . 
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Fig. 1. Mea n monthl y value s 
of relativ e humidit y 

Fig. 2. Mea n monthl y value s of min . 
an d max . temperature s 

T H E R M A L COMFOR T CONSIDERATION S 

It is well know n tha t an appropriat e contro l of th e therma l radian t field of confine d envi -
ronment s doe s allow th e achievemen t of th e therma l comfor t conditions , by mean s of th e 
modificatio n of th e surfac e temperature s of th e surrounding s and , as a consequence , of 
th e mea n radian t temperature . 
Th e non-unifor m distributio n of th e superficia l temperature s of th e walls could b e some -
time s caus e of discomfor t relate d to th e asymmetri c radian t field, even if th e air  tempera -
tur e remain s confine d withi n th e comfor t range . But , as demonstrate d by P.O . Fange r  et 
al. (1980,1985), th e huma n bod y is not particularl y sensitiv e to asimmetri c radiation . As a 
rul e for  th e judgemen t of th e effectivenes s of th e radian t panel-electri c fan system , we 
adop t her e th e Predicte d Mea n Vot e (PMV ) ad th e Predicte d Percentag e of Dissatisfie d 
(PPD) , tha t hav e bee n assume d by th e ISO standard s (1984). 

T o evaluat e th e rang e of therma l comfor t of th e system analyzed , th e Fange r  equation s 
hav e bee n used in orde r  to defin e th e new comfor t limits . In Fig. 3 th e uppe r  curv e repre -
sent s th e situatio n with PP D = 10, assumin g a modifie d mea n radian t temperatur e (cei -
ling temperatur e is impose d at a temperatur e of 2.5 °C highe r  tha n th e de w poin t 
temperature ) an d an air  velocity of 0.8 m/sec . 

DESCRIPTIO N O F T H E COOLIN G PANE L 

Th e equipmen t her e presente d mainl y consist s of a set of tubes , in which water , comin g 
fro m an undergroun d cool storag e or  fro m a conventiona l chiller , flows. Th e tube s ar e 
equippe d with fins in orde r  to facilitat e th e therma l exchang e with th e room . 
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é 
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×  PMV - -0.5 (FANGER) Ë P MV - 0.5 (FANGER) 

Fig. 3. Comfor t range s in th e norma l situatio n (Tr m = T a ) an d in th e case stu 
dy in relatio n with relativ e humidit y an d air  temperatur e 

Unde r  th e ceiling a ro w of electri c fan s provid e th e appropriat e air  movement , when th e 
cooling effect of th e radian t pane l isn' t stron g enoug h to generat e a comfortabl e envi -
ronmen t (see figur e 4). 
Th e contro l of such a system is quit e sophisticated , in th e sense tha t a simulato r  of huma n 
therma l comfor t is used (like it is don e with th e instruments , alread y in commerce , tha t 
analyz e all th e parameter s of th e Fange r  equations) . 
Ther e ar e two step s in th e contro l strategy : 
a) whe n th e PP D is highe r  the n 5%  th e radian t cold ceiling is activated , in orde r  to lower 
th e surfac e temperatur e to a poin t tha t is alway s slightl y highe r  tha n th e dew point , to 
avoid condensatio n problems ; 
b) when th e PP D exceed s 6%  th e ceiling fan s ar e activated , in orde r  to increas e th e air 
velocity nea r  th e workin g person s to 0,8 m/sec . 
Thi s valu e of air  velocity come s fro m th e limit establishe d by th e A S H R A E (1981) in th e 
case of us e of ceiling fan s (see figur e 5). 

Fig. 4. Section of th e false ceiling actin g as a cool radian t pane l an d of th e 
electri c fan 
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Fig. 5. A S H R A E extende d summe r  comfor t zon e (ASHRAE , 1981) 

It' s importan t to not e tha t such a system , althoug h closely relate d to th e dew poin t tem -
peratur e of th e roo m air , doe s not provid e an y modificatio n of th e laten t hea t balanc e of 
th e room . Anothe r  relevan t characteristi c of thi s radian t equipmen t is its fitnes s to be al -
so used durin g th e winte r  seaso n as a heate r  radian t panel : for  heatin g purpose s thi s te -
chnolog y is alread y available . 

T H E R M A L SIMULATIO N 

In orde r  to evaluat e th e effectivenes s of thi s system , th e energ y consumptio n an d th e 
therma l comfor t hav e bee n compare d with thos e of a conventiona l cooling system . 
An office of 120 m 3, with two externa l surface s facin g nort h an d sout h an d an envelop e 
therma l loss of 0.60 W/m 3, ha s bee n analyze d for  two climati c area s in centra l an d sou -
ther n Italy . 
Tabl e 1 report s th e result s of th e simulatio n throug h Jul y an d August . As it is possibl e t o 
note , th e value s of th e energ y deman d for  th e conventiona l system an d for  th e propose d 
on e ar e quit e different : th e cooling pane l configuratio n shows a remarkabl e lower 
amoun t of energ y consumptions . O n th e contrary , th e sum of th e PP D over  th e conside -
re d perio d is muc h highe r  in th e case of th e cooling radian t panel . As th e therma l com -
for t is a basi c elemen t for  decidin g whethe r  to use or  not th e radian t panel , we nee d 
som e mor e informatio n abou t it. In Fig. 6 is presented , for  example , th e distributio n of 
th e PP D for  th e month s of Jul y an d Augus t in Crotone . Fro m thes e kin d of value s it' s 
possibl e t o hav e an idea abou t th e therma l performanc e of th e system durin g th e exami -
ned tim e an d of th e period s of bette r  utilizability . 

Coolin g system Energ y deman d 
ikWh ) 

PP D cumulativ e sum 

R O M E Conventiona l 1677 350 R O M E 
Radian t pane l 789 773 

CROTON E Conventiona l 1687 379 CROTON E 
Radian t pane l 783 809 

Tab . 1. Result s of th e simulation s for  th e month s of Jul y an d Augus t 
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Fig. 6. Distributio n of Percentag e of Person s Dissatisfie d (numbe r  of hour s 
durin g Jul y an d Augus t in Crotone ) 

CONCLUSION S 

Th e cooling system her e presente d demonstrate s to be an effective tool in gettin g a lo -
wer  energ y consumptio n for  th e buildin g climatisation . Of course , grea t attentio n shoul d 
b e pai d to th e comfor t situation s insid e th e building , tha t represent s an importan t ele -
men t in orde r  to decid e th e use of th e system . Since th e system is ver y dependen t on th e 
specific buildin g an d climat e characteristics , carefu l analysi s shoul d be don e in orde r  to 
evaluat e th e possibilit y of its application . 
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ABSTRACT 

I n presen t  repor t  a  simpl e  metho d o f  estimatio n o f  th e 
monthl y dail y  globa l  sola r  radiatio n o n monthl y dail y  ambien t 
ai r  temperatur e  i s  suggested .  Fo r  determinatio n o f  regressio n 
equatio n connecte d note d abov e  value s  th e  Fourie r  serie s  ar e 
used .  Th e  develope d metho d ar e  use d fo r  determinatio n o f  th e 
sola r  radiatio n fo r  1 6 locatio n o f  Uzbekista n an d Tadjikistan . 

KEYWORDS 

Sola r  radiation ,  ambien t  ai r  temperature ,  simulatio n 

INTRODUCTION 

Sola r  radiatio n inciden t  o n horizonta l  surfac e  ar e  observe d b y 
man y meteorologica l  stations .  Th e  sunshin e  hour s  duratio n ar e 
recorde d als o o n severa l  stations .  Suggeste d i n  literatur e 
correlation s  (Dibiro v an d Makhmudov ,  1982 ;  Kenisari n  et  a Z . , 
1988 ;  Ma  an d Iqbal ,  1984 )  permi t  t o  estimat e  o f  sola r 
radiatio n o n sunshinehoursduration .  Howeve r  th e  distributio n 
o f  note d station s  o n th e  territor y o f  eac h countr y i s 
uneven .  A s  know n ther e  ar e  man y location s  wher e  th e  ambien t 
temperatur e  ar e  registed .  T o ou r  min d th e  ambien t  temperetur e 
dat a  ca n b e  serv e  valueabl e  basi s  fo r  estimatin g o f  globa l 
sola r  radiation .  Th e  presen t  wor k dea l  whit h th e 
determinatio n o f  correlatio n betwee n averag e  dail y  globa l 
sola r  radiatio n inciden t  o n horizonta l  surfac e  an d averag e 
monthl y ai r  temperatur e  i n  sam e  location . 

THE METHOD O F ESTIMATIO N 

As  know n th e  ai r  temperatur e  i s  th e  functio n o f  globa l  sola r 
radiatio n inciden t  o n a  give n geographica l  location .  Therefor e 
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th e  determinatio n o f  conversl y dependenc e  o f  th e  globa l  sola r 
radiatio n fro m th e  ambien t  temperatur e  ha s  th e  larg e  practica l 
interest .  Th e  globa l  sola r  radiatio n an d ambien t  temperatur e 
change s  hav e  periodica l  character .  Howeve r  th e  amplitud e 
thi s  change s  i n  eac h locatio n ca n b e  differen t  fro m eac h othe r 
significantly .  Therefor e  i t  i s  mor e  convinien t  t o  conside r  th e 
dimentionles s  radiatio n an d th e  ambien t  temperatur e  chang e 
character : 

è  =  (  Ç  - Ç  .  )/Ä Ç (1 ) 
h nu n 

an d 

è  =  (  Ô  - Ô .  )/Ä Ô (2 ) 
t  mi n 

wher e  ÄÇ- Ç - Ç .  an d ÄÔ= Ô - Ô . 
max ôç í  ç  ma x mt n 

Figur e  1  show s  typicall y  monthl y variatio n o f  th e  dimention -
les s  sola r  radiation ,  6L an d ambien t  temperature ,  È. fo r 

ç  t 
condition s  o f  Tachiotash .  A s  show n th e  characte r  o f  thes e 
variation s  i s  periodical .  I n  thi s  cas e  th e  variation s  o f  È. 

ð 

an d 6 t ca n b e  writte n b y Fourrie r  serie s 
h ,  ï  ö 

eiu *"" '2" W + Å tA h kcos (HkN/6 )  +  B t ksin(1CfcN/6 > 3  (3 ) 

an d 

6 t > |= - ~ - + Å tA l J cCOS<HkN/e > +  Â  s ±n<1kll/6> ]  (4 ) 

Fo r  th e  differenc e  è ^ â ç Ü â  w e  hav e 

6 ^ - 6 ^ = - - •  £  CA kcos<ttN/6)+B ksin(HWi/6 )  3  (5 ) 

wher e 

2  OD 

V < Bh j f \ k > - l 2 Å < è ^ - è ^ ) â 1 ç ( Ë Ç / â > ( k = l , 2 , 3 . . . ( 7 ) 
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Fro m Eqs. 5 an d 1  w e  hav e 

00 
Ç = H .  • Ä Ç ß è  + A +  £  [A.cos<ttN/6)+B usin<HkN/6 )  3 > (8 ) 

Pig . 

1 2 3 4 5 6 7 8 9  10 11 12 1 

Ì  0 N T H S 

1.  Dimentionles s  sola r  radiatio n an d 
ambien t  ai r  temperatur e  change s  fro m 

month s 

Accordin g Dijakono v (1987 )  Fourie r  coefficient s  foun d fro m 
Eqs. 6 an d 7  fo r  harmonic s  numbe r  m-H/ 2 giv e  th e  minima l 
standar d deviatio n C43 .  We  have ,  a s  known ,  onl y th e  averag e 
monthl y dail y  sola r  radiatio n an d averag e  monthl y dail y 
ambien t  temperature .  I n  give n cas e  N=1 2 an d w e  ca n limite d i n 
Bq. 8 onl y firs t  si x  member s  o f  Fourie r  serie s 

Ç = H .  +Ä Ç { è  + A +  rCA ucos(ttN/6)^B usin<lCkN/6)3 > (9 ) 
N=l 

Usin g Eqs.6. 7 an d 9w e  ca n fin d monthl y dail y  globa l  sola r 
radiatio n th e  dependenc e  fro m monthl y dail y  ambien t 
temperatur e  i f  w e  hav e  th e  dat a  o n sola r  radiatio n an d ambien t 
ai r  temperatur e  i n  neighbou r  locations . 
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THE RESULT S 

Note d abov e  equation s  wer e  use d fo r  determinatio n o f  Fourie r 
serie s  coefficient s  fo r  severa l  meteorologica l  station s  showe d 
partiall y  i n  Tabl e  1 . 

Observe d dat a  ar e  groupe d i n  dependenc e  fro m th e  nearnes s  o f 
station s  eac h other .  Ç  .  .Ä Ç an d È Á ar e  foun d b y averagin g o f 

eac h grou p station s  data .  Typica l  coefficient s  o f  Fourier * 
serie s  ar e  presente d a t  Tabl e  2 .  Thes e  coefficient s  wer e  use d 
fo r  determinatio n o f  th e  monthl y averag e  dail y  globa l  sola r 

Tabl e  1 .  Monthl y averag e  dail y  ambien t  ai r 
temperatur e  an d globa l  sola r  radiatio n 
fo r  severa l  referenc e  location s 

Mon t H t H t H t H t H 

Tashken t  Samarkan d Fergan a  Chardjo u Terme z 

Ja n 0 . 9 6 . 2 - 0 . 3 7 . 2 3 . 2 6 . 7 0. . 6 7 . 7 1 . 4 8, 3 
Fe b 2. 0 8. 7 2. 3 9. 4 0. 6 10 . 0 3. 5 12 . 0 4. 9 11 . 4 
Mar 7 . 6 12 .  2 7 . 2 12 . 0 7 . 8 13 . 2 9 . 3 15 . 4 11 . 3 15 . .  1 
Apr 14 . 4 17 . 6 13 . 7 17 . 4 5. 2 18 . 6 16 . 8 20 . 5 17 . 7 20 . 5 
May 20 .  0 23 . 2 19 . 2 22 . 8 0 . 8 23 . 9 23 . .  0 27 . 8 24 .  1 25 7 
Ju n 24 . 7 26 . 7 23 . 5 27 . 5 4. 6 27 . 3 27 . 4 30 . 3 27 . 5 29 . 3 
Ju l 26 . 9 27 .  1 25 .  5 27 . 5 6 . 8 26 . 7 29 2 29 .  0 29 . 6 28 .  0 
Aug 24 . 9 24 . 4 23 . 7 25 . 3 5. 0 24 . 8 27 . 2 26 . 9 27 . 4 25 . 6 
Se p 19 . 4 19 . 5 18 . 8 20 . 6 9 . 6 20 .  1 21 . 2 21 . 8 22 .  3 21 . 8 
Oct 12 . 6 12 . 7 12 . 5 13 . 6 2. 6 13 . 6 14 . 2 16 . 1 15 . 1 15 . 5 
Nov 6 . 4 7 . 7 6 . 5 8 .  1 5 . 6 8 . 2 7. .  1 9 . 9 8. . 5 10 . 2 
Dec 1. 6 5. 4 2. 1 6. 1 0. 4 5. 4 2. 5 6. 9 4. 6 7. 5 

t  i s  ambien t  ai r  temperature,°C ;  Ç  i s  globa l  sola r 

radiation,MJ/ m 

Tabl e  2.Fourie r  serie s  coefficient s 

Tashkent-Samarkand-Fergan a  Chardjou-Terme z 

V -0 . 027539 6 A = -ï 010987 3 

A r -0 . 053492 9 Bl = 0. 070735 0 
A r - 0. 034060 6 

B r 0. 082703 1 
0. 013827 0 B2 = 0. 044126 1 V 0. 006204 2 B2 = 0. 016675 7 

-0 . 022500 2 0. 032855 4 v- 0. 034379 2 
B3 = 

0. 025165 6 
-0 . 000897 3 v - 0. 001499 5 0. 000062 1 B4= - 0. 007000 8 

V -0 . 009759 9 
B5 =- 0. 002203 3 V" 0. 010890 3 

B5 =" 0. 000918 8 

V -0 . 001247 9 B6= - 0. 000000 4 V 0. 004986 7 B6= - 0. 000000 2 

radiatio n fo r  severa l  location s  o f  Uzbekista n an d Tadjikista n 
showe d o n Fig.2 . 
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The  deviation s  o f  predicte d sola r  radiatio n fro m observe d one s 
fo r  referenc e  grou p station s  ar e  give n i n  Tabl e  3 .  Fro m thi s 
Tabl e  i s  show n tha t  th e  maxima l  deviation s  ar e  observe d fo r 
winte r  month s  (Decembe r  an d January )  whe n th e  weathe r  i s  no t 
stable .  Standar d deviatio n fo r  Tashkent-Samarkand-Fergan a 
grou p station s  i s  les s  tha n 5 % a t  maxima l  valu e  11.7% .  Th e 
maxima l  deviatio n fo r  th e  perio d fro m Apri l  til l  Octobe r  les s 
the n 4% .  at a  fo r  Tachiatas h showe d tha t  instrumenta l  erro r  o f 
suggeste d metho d i s  insignificant .  Therefor e  th e  accurac y o f 
considere d metho d ar e  determine d b y stabilit y  o f  weathe r  i n 
separat e  location s  an d nearnes s  o f  referenc e  station s  wher e 
isregiste d o f  sola r  radiatio n an d ambien t  ai r 
temperature .  Note d abov e  metho d wa s  use d fo r  predictio n o f  th e 
monthl y averag e  dail y  globa l  radiatio n inciden t  o n horizonta l 
surfac e  fo r  severa l  location s  o f  Uzbekista n an d 
Tadjikistan.Thes e  dat a  ar e  presente d i n  Tabl e  4 . 

Fig .  2 .  Locatio n o f  severa l  meteorologica l 
station s  o f  Centra l  Asia :  1-Tashkent , 
2-Fergana ,  3-Samarkand,4-Chardjou , 
5-Termez ,  6-Tachiatash ,  7-Chinaz , 
8-Gulistan ,  9-Djizak ,  10-Leninabad , 
11 -  Isfara ,  12 -  Ura-Tube ,  13-Kokand , 
14 -  Namangan ,  15 -  Andijan ,  16-Kitab , 
17 -  Karshi ,  18 -  Baisun ,  19 -  Denau , 
20 -  Nukus ,  21 -  Urgenc h 
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Tabl e  3 .  Deviatio n o f  predicte d value s  o f  sola r 
radiatio n fro m observe d values ,  % 

Mont h Tas h Sa m Fe r Cha r Te r Tac h 

Januar y 8 . 3 - 6 . 8 0 . 2 3 . 2 -4. 3 -1. 7 
Februar y 5. 9 -2 . 1 3. 0 -4 . 1 5.  1 1.  1 
Marc h - 0 . 5 - i . 5 2 .  0 - 4 . 8 4. 9 -0. 8 
Apri l -0 . 9 -0 . 7 1. 1 -0 . 7 1. 3 0. 6 
May - i . 2 1 . 0 0 . 3 - 4 .  1 3. 7 -0. 4 
Jun e 1. 5 1. 3 0. 3 -1 . 0 1. 4 0. 4 
Jul y 0 .  1 - 1 . 4 1 . 5 - 2 . 0 1. 7 -0. 4 
Augus t 1. 3 -2 . 1 0. 7 -1 . 9 2. 3 0. 5 
Septembe r 1 . 5 - 2 . 9 1 . 7 - 1 . 2 0. 8 -0. 6 
Octobe r 1. 7 -3 . 4 1. 5 -2 . 2 2. 9 0. 8 
Novembe r 1 .  i - 3 . 7 3 .  0 - 1 . 9 0. 7 -1. 3 
Decembe r -0 . 4 -10 . 7 1. 7 -2 . 5 3. 8 2. 0 

Tabl e  4 .  Monthl y averag e  dail y  globa l  sola r 
radiatio n inciden t  o n horisonta l 
surfac e  fo r  severa l  location s  o f 
Uzbekista n an d Tadjikistan,MJ/ m 

Loc  Ja n Fe b Ma r  Ap r  Ma y Ju n Ju l  Au g Se p Oc t  No v De c 

Chi 6 . 7 9 . 5 13 . 2 18 . 5 24 . 0 27 . 7 27 .  1 24 . 8 20 .  1 13 . 4 7 . 9 5 . 4 
Gul 6. 7 9. 6 13 . 0 18 . 4 24 . 0 28 . 8 27 . 1 24 . 5 19 . 7 13 . 5 8. 0 5. 5 
Dj i 6, 7 9 . 0 11 . 6 16 . 9 22 . 7 27 . 0 27 .  1 24 . 9 20 . 0 13 . 0 7 . 4 5 .  1 
Le n 6. 7 9. 2 12 . 3 18 . 1 23 . 7 27 . 7 27 . 1 24 . 9 19 . 8 12 . 8 7. 0 4. 3 
Is f 6. 7 10 . 0 12 . 4 18 . 4 23 . 9 27 . 5 27 .  1 25 . 4 20 . 2 13 . 3 7 . 5 5 . 0 
Ura 6. 7 9. 0 11 . 1 16 . 4 22 . 2 26 . 6 27 . 1 24 . 5 19 . 2 12 . 8 7. 0 4. 8 
Kok 6 . 7 9 . 4 13 . 2 18 . 8 24 . 0 27 . 4 27 .  1 24 . 9 20 .  1 13 . 2 7 . 7 5 . 5 
And 6. 7 9. . 5 13 . 6 18 . 8 24 . 0 27 . 5 27 . 1 25 . 1 20 . 8 14 . 3 8. 5 6. 2 
Nam 6. . 7 10 .  0 13 . 6 19 . 0 24 . 0 27 . 4 27 .  1 24 . 7 20 . 4 13 . 8 8 . 5 6 .  1 
Ki t 7. 9 11 . 5 14 . 0 19 . 1 24 . 7 28 . 8 28 . 5 26 . 7 21 . 6 15 . 8 10 . 6 7. 8 
Kar 7. . 9 12 . 6 14 . 6 19 . 4 25 . . 3 29 .  4 28 . 5 26 . 3 21 . 3 15 . 5 10 .  1 7. . 3 
Den 7. 9 11 . 8 14 . 9 20 . 0 25 . 6 29 . 4 28 . 5 25 . 9 21 . 4 15 . 9 11 . 1 7. 7 
Bai 7. 9 10 . 7 13 .  0 18 .  0 24 . 0 28 . 6 28 . 5 26 . 5 22 .  1 16 . . 5 11 .  3 7. 9 
Guz 7. 9 11 . 5 13 . 9 19 . 0 25 . 0 29 . 3 28 . 5 26 . 6 22 . 2 16 . 1 10 . 4 7. 4 
Nuk 6. 5 10 , . 3 13 . 8 20 . . 3 25 . . 4 28 . 0 26 . 4 23 J , 9 19 . . 2 13 . . 8 8. 3 5. 8 
Ur g 6, 5 10 . 7 14 . 0 20 . 5 25 . 4 28 . 2 26 . 4 24 . 0 19 . 1 13 . 7 8. 4 5. 9 

CONCLUSION 

I n thi s  wor k th e  ne w metho d o f  th e  determinatio n o f  monthl y 
averag e  dail y  globa l  sola r  radiatio n i s  suggested .  Obtaine d 
result s  show s  tha t  i t  ma y b e  succesfull y  use d fo r  estimatio n 
globa l  sola r  radiatio n o n th e  ambien t  ai r  temperatur e  i f  w e 
hav e  mentione d abov e  dat a  fo r  neighbou r  locations .  Th e 
accurac y o f  metho d i s  determine d b y th e  accurac y o f  referenc e 
data . 
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A METHOD O F DETERMINATION O F TH E FLA T 
PLATE SOLAR ENERGY COLLECTOR OUTPUT 
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ABSTRACT 

An equatio n permitin g th e  estimatio n o f  fla t  plat e  collecto r 
outpu t  a t  fixe d inle t  an d outle t  temperature s  o f  workin g flui d 
i s  suggested.Th e  develope d metho d fo r  evalutio n o f  annua l  an d 
monthl y outpu t  o f  severa l  widesprea d collector s  fo r  climati c 
condition s  o f  Tashken t  <41°N) ,  Kie v (50°N )  an d Leningra d 
(60°N).Presente d metho d ma y b e  use d fo r  choosin g th e  necessar y 
typ e  o f  collecto r  i n  dependenc e  o n th e  forthcommin g operat e 
condition s  withou t  preliminar y collecto r  tests . 

KEYWORDS 

Fla t  plat e  collectors ,  collecto r  outpu t 

INTRODUCTION 

Sola r  energ y collector s  ar e  widel y use d recen t  i n  spac e  an d 
wate r  heatin g system s  an d technologica l  processes .  Ther e  ar e 
th e  variou s  type s  o f  fla t  plat e  sola r  collecto r  produce d a t 
presen t  time .  Therefor e  i t  i s  complicat e  o n on e  han d t o  mak e 
th e  compariso n analysi s  o f  th e  collecto r  performanc e  withou t 
experimenta l  tewst s  an d o n othe r  han d t o  determin e  th e  fiel d 
of  thei r  expedien t  utilization .  Th e  possibilit y  o f  compariso n 
analysi s  ar e  limite d b y absenc e  o f  th e  simpl e  an d universa l 
metho d o f  sola r  collecto r  outpu t  estimation .  Belo w suc h metho d 
of  determinatio n o f  th e  sola r  fla t  plat e  collecto r  outpu t  fo r 
fixe d inle t  an d outle t  temperature s  o f  workin g flui d i s  given . 

THE METHOD O F DETERMINATION 

Usefu l  energ y gai n obtaine d fro m fla t  plat e  sola r  collecto r  a s 
know n ca n b e  expresse d (Duffi e  an d Beckman ,  1980 )  a s 

Q =  A  F 0CI(OX)-U r (T.- T >  (1 ) c  R L é a 
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wher e 

G Cp A c UL 

F R = r S r c l - e x p ( - " è Ã Ñ ' ) ] ( 2 ) 

C L  ñ 

2 
Ac -  collecto r  area ,  m  ; 
F D -  collecto r  hea t  remova l  factor ; 

2 
I  -  sola r  radiatio n intensity ,  W/ m ; 
á  -  absorptance ; 
1 -  transmittance ;  9 

-  overal l  hea t  los s  coefficient ,  W/ m C ; 
T t -  inle t  temperatur e  o f  workin g fluid,C ; 
Ô -  ambien t  ai r  temperature,C : a  ' G -  flo w rate ,  kg/s ; 
C -  specifi c  hea t  o f  workin g fluid,J/kgC : 

Ñ 
F'  -  collecto r  efficienc y facto r 

Equatio n (1 )  i s  th e  bas e  o f  th e  operate d standar d test s  fo r 
fla t  plat e  sola r  collector s  (Bankston ,  1983 ;  Frid ,  1988 ;  Moon , 
1982 ;  Moon ,  1983) .  I n  test s  th e  suc h standar d parameter s  a s 
F R(OX)  an d FpU ^  ar e  determined .  A s  show n fro m Eq.(2 )  th e  hea t 

remova l  facto r  depend s  significamtl y o n th e  tota l  flo w rat e 
of  workin g flui d an d i s  mainl y determine d b y operatin g 
conditions .  Parameter s  F̂ itTC )  an d FpU ^  a re usuall y  determine d 

fo r  severa l  fixe d flo w rates .  Obtaine d i n  thes e  condition s 
parameter s  ar e  appeare d the n i n  th e  collecto r  sertificate .  A t 
rea l  operatin g condition s  F R ma y b e  differen t  fro m thos e  whic h 

wer e  obtaine d i n  th e  tests .  Thi s  ca n b e  lea d t o  th e  over -
estimatin g predicte d outpu t  i n  compariso n wit h rea l  output . 
Known als o tha t  th e  collecto r  outpu t  depend s  significantl y  o n 
th e  outle t  temperatur e  o f  workin g fluid .  Th e  Eq.(1 )  no t  give s 
suc h dependenc e  i n  eviden t  form .  I n  tha t  tim e  i t  i s 
interestin g t o  investigat e  o f  collecto r  outpu t  fo r  an y fixe d 
inle t  an d outle t  temperature s  o f  workin g fluid . 

Duffi e  an d Beckma n (1980 )  showe d tha t  th e  expotentia l 
componen t  ca n b e  expresse d a s 

A U_ I(OT)-U r( Ô -T. )  A 
C L  L  Ï  1 

ex p (---- — F' )  =  =  (3 ) Ñ É (áÀ)-û ô (Ô -Ô ) Â 
L ï  a 

wher e  Ô  -  outle t  temperatur e  o f  workin g fluid , ï 
Substitutin g Eq.(3 )  i n  Eq.(2 )  w e  hav e  fo r  th e  hea t  remova l 
facto r 
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A- Â F ' 
F â .  — (4 ) 

K °  ln(A/B ) 

Takin g B-A=U T ( Ô -T .  )  int o accoun t  an d substitutin g Eq.(4 )  int o 
L* Ï  X 

Eq.<10 )  w e  obtai n 

-  A  U T ( Ô -T, )  (5 ) 
c L °  1 ln(A/B ) 

A F'U r( T -T. ) c  L  ï  i 
Q = (6 ) 

I((rX)-U T (T.- T ) L 1  a 
I n KtTD-U .  ( Ô - T ) L ï  a 

The  las t  expresso n establis h th e  relationshi p betwee n th e 
collecto r  outpu t  o n on e  han d an d th e  desig n parameter s 
F',GL ,  T ,  U L an d th e  operatin g condition s  É,Ô.^,Ô ï,Ô & o n othe r 

hand .  Th e  Eq.(6 )  permi t  t o  estimat e  th e  collecto r  outpu t  a t 
an y time s  an d an y fixe d temperature s  o f  workin g fluid . 

The  annua l  collecto r  outpu t  o f  collecto r  wit h on e  squir e  mete r 
of  surfac e  ca n b e  fin d b y 

360 0 ç  . 
1 2 J 

Q =  F '  ( Ô -T .  )  £  (7 ) 
L °  1 j =i I  .(CL1 )  -U T (T.- T ) j  j  L  i  a 

I n 
I.  (at )  .-U T ( T - T ) j  j  L  ï  a 

wher e  subscrip t  j  correspond s  th e  averagin g o f  parameter s  fo r 
j-month ;  n .  i s  sunshin e  hour s  duration . 

The  outpu t  o f  collector s  connecte d i n  serie s  i s  considere d b y 
Kenisari n  (1990 )  mor e  detail . 

THE RESULT S O F COMPARISON 

The  Eq.(7 )  wa s  use d fo r  compariso n analysi s  o f  seve n mos t 
widesprea d fla t  plat e  sola r  flui d collectors .  Th e  calculation s 
wer e  fulfile d fo r  Tashkent ,  Kie v an d Leningra d climati c 
conditions .  Th e  outpu t  wa s  carrie d ou t  fo r  variou s  slop e  o f 
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sola r  collectors .  Presente d belo w result s  wer e  obtaine d fo r 
optima l  slop e  angles .  Collecto r  efficien t  facto r  fo r  al l  type s 
of  collecto r  wa s  0.95 .  Th e  typica l  calculatio n result s  o f  th e 
annua l  specifi c  outpu t  o f  severa l  colector s  ar e  presente d i n 
Tabl e  1 .  Th e  Tabl e  present s  th e  collector s  outpu t  fo r  mos t 
widesprea d workin g temperatures .  Mor e  detai l  informatio n abou t 
th e  outpu t  o f  al l  seve n type s  collecto r  ca n b e  fin d i n 
(Kenisari n  an d Tkachenkova ,  1990) .  Fig .  1  illustrate s  th e 

Tabl e  1 .  Annua l  specifi c  outpu t  o f  severa l  type s 
2 

of  th e  fla t  plat e  collectors ,  GJ/ m 

ô Ô  Typ e  o f  collecto r 
i  ï 

C C 1 2 3 1 2 3 1 2 3 

Tashken t  (41°N )  Kie v (50.5°N )  Leningrad(60°N ) 

10 30 4. 23 4. 23 4. 61 2. 22 2. 33 2. 66 1. 51 1. 64 1. 93 
10 40 3. 76 3. 95 5. 51 1. 90 2. 15 2. 59 1. 21 1. 49 1. 88 
10 50 3. 23 3. 67 4. 41 1. 51 1. 96 2. 53 0. 89 1. 32 1. 82 
10 60 2. 53 3. 36 4. 30 1. 02 1, 75 2, 46 0. 34 1, ,  1 2 1, ,7 6 
10 70 1. 72 3. 03 4. 19 1. 23 2. 39 0. 91 1. 70 
10 80 0. 75 2. 65 4. 09 0. 83 2. 32 0. 62 1. .6 4 
10 90 2. 15 3. 98 0. 16 2. 24 0. 08 1. 58 
10 10 0 1. 57 3. 86 2 .  1 7 1. ,5 1 

20 40 3. 43 3. 74 4. 41 1. 70 2. 01 2. 53 1. 06 1. 38 1. 82 
20 50 2, ,9 4 3. 46 4. 31 É- .3 5 1. 83 2. .4 7 0. 77 1, .2 1 1 .7 7 
20 60 2. 30 3. 16 4. 21 Ï . 90 1. 63 2. 40 0. 29 1. 03 1. 71 
20 70 1. .5 5 2. .8 5 4. 10 0. .2 3 1 .4 1 2 .3 3 0 .8 3 1 .6 6 
20 80 0. 68 2. 48 4. 00 1. 14 2. 26 0. 56 1. 60 
20 90 2 .0 1 3. 89 0 .7 6 2 .  1 9 0 .0 8 1 .5 3 
20 10 0 1. 47 3. 78 0. 15 2. 12 1. 49 

30 50 2 .6 3 3 .2 5 4. 22 1 .  1 7 1 .6 9 2 .4 1 0 .6 4 1 .  1 1 1 .7 2 
30 60 2. 05 2. 96 4. 12 0. 77 1. 50 2. 32 0. 24 0. 94 1. .6 6 
30 70 1 .3 6 2 .6 6 4. .0 1 0 .  1 9 1 .2 9 2 .2 7 0 .7 5 1 .6 1 
30 80 0. 60 2. 31 3. 91 1. 04 2. .2 0 0. .5 0 1. .5 5 
30 90 1 .8 7 3. 80 0 .6 9 2 .  1 3 0 .0 7 1 .4 9 
30 10 0 1. 35 3. 69 0. .  1 3 2. .  0 6 1. .4 3 

40 60 1 .7 7 2 .7 5 4 .0 2 0 .6 3 1 .3 7 2 .2 8 0 .  1 9 0 .8 4 1 .6 1 
40 70 1. .2 0 2. 46 3. 92 0. .  1 5 1. .  1 7 2. .2 1 0. .6 7 1 .5 6 
40 80 0 .5 3 2 .  1 4 3 .8 2 0 .9 4 2 .  1 5 0 .4 4 1 .5 0 
4 0 9È 1. 72 3 . 71 0 .6 2 2 .0 8 0 .0 6 1 .4 4 
4 0 10 0 1 .2 5 3 .6 0 0 .  1 2 2 .0 0 1 .3 8 

Collecto r  1  O=0.9 ,  1*0.85 ,  U.= 8 W/ m C  (ordinar y singl e 
gla s  collector ) 

2  =0.9 ,  =0.85 ,  = 5 (selectiv e  coating , 
singl e  glas ) 

3  =0.92 ,  =0.91 ,  = 2 (Philip s  collector , 
1985 ) 
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calculatio n result s  fo r  tw o typica l  nod e  o f  operation .  Typica l 
monthl y outpu t  o f  collecto r  ca n b e  fin d i n  Tabl e  2 .  Fro m 
Table s  1  an d 2  obtai n th e  compariso n outpu t  o f  differen t  sola r 
collecto r  fo r  variou s  operatin g temperatur e  mode s  an d climati c 
conditions . 

5 

<VV<>c 

0 10 2 0 3 0 AO 5 0 6 0 70 8 0 

(ô ï-ç), ï0 
Fig .  1 .  Annua l  specifi c  outpu t  o f  severa l 

collector s  fo r  Tashken t  conditions : 
a  -  T ±=1 0 C ;  b  -  T ±=4 0 C 

Presente d her e  metho d permi t  t o  th e  consumer s  t o  mak e 
preliminar y choosin g o f  collecto r  i n  th e  dependenc e  o n 
predicte d operatin g condition s  an d planne d plac e  o f  operation . 
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Fo r  instance ,  a s  i s  see n fro m Tabl e  2  fo r  summe r  perio d a t  th e 
operatin g mod e  T.=1 0 C  an d Ô  =5 0 C  i s  recommende d t o  us e  th e 

é  ï 
collector s  1  an d 2 .  Fo r  winte r  month s  an d fo r  hig h temperatur e 
mode s  ca n b e  recommen d th e  collecto r  3 . 

Tabl e  2 .  Typica l  monthl y outpu t  o f  severa l  fla t  pla t 

2 
collector s  fo r  Tashken t  conditions ,  MJ/ m 

Typ e  o f  collecto r 

1 2 3 1 2 3 

_ v 
10 C ;  T Q= 5 0 C T ±= 4 0 C ; T Q =9 0 C 

Januar y 5 5 10 7 15 1 no t 0 13 3 
Februar y 6 6 11 5 17 6 avai - 4 0 15 6 
Marc h 15 3 19 8 30 0 labl e 8 6 21 9 
Apri l 25 7 28 9 35 5 13 6 30 0 
May 37 4 40 8 47 6 20 2 40 0 
Jun e 45 9 47 7 53 5 24 4 44 7 
Jul y 53 1 54 0 59 3 30 0 50 3 
Augus t 51 1 52 7 58 6 28 7 49 7 
Septembe r 39 9 42 9 50 6 23 2 43 3 
Octobe r 24 1 29 2 36 8 13 6 31 1 
Novembe r 12 6 17 0 22 6 5 9 19 0 
Decembe r 5 7 10 1 14 0 0 12 9 
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SOME RESULT S AND PROSPECT S O P TH E US E O P SOLA R 
ENERGY I N MATERIAL STUD Y AN D PRODUCTION PROCESSE S 
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Science s  o f  th e  Ukr.SSR ;  3 ,  Krzhizhanovsk y at. , 
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ABSTRACT 

I t  i s  reviewe d a  numbe r  o f  hig h temperatur e  technologica l  pro -
cesse s  usin g sola r  energy :  therma l  treatmen t  o f  steel ,  surfa -
c e  meltin g (vitrification )  o f  buildin g material s  suc h a s  sla g 
concret e  an d cerami c  glaze d plates ,  therma l  cuttin g b y melt -
in g o f  stainles s  stee l  an d industria l  fabric s  o f  glass ,  sili -
ca  an d asbesto s  fibres .  I t  take s  plac e  th e  estimatio n o f 
efficien t  hea t  o r  energ y outla y fo r  thes e  processes * Th e 
technica l  characteristic s  o f  som e  sola r  furnace s  ar e  presen -
ted . 

KEYWORDS 

Sola r  energy ,  sola r  furnace ,  therma l  treatmen t  o f  materials , 
thermocuttin g o f  materials · 

A proble m o f  th e  us e  o f  sola r  hea t  energ y i n  materia l  stud y 
an d productio n processe s  consists ,  fo r  th e  firs t  hand ,  i n 
findin g ou t  th e  processe s  whic h implementatio n nowaday s  o r  i n 
th e  neares t  futur e  wil l  prov e  t o  b e  correc t  fo r  th e  give n re -
gio n i n  accordanc e  wit h th e  economica l  an d ecologica l  esti -
mates ,  fo r  th e  secon d hand ,  i n  th e  developmen t  o f  reliabl e 
an d sufficientl y  inexpensiv e  sola r  plant s  t o  perfor m thes e 
processe s  o n half-industria l  an d industria l  scales * 

The  presen t  wor k purpos e  i s  t o  demonstrat e  o n a  numbe r  o f 
example s  unde r  th e  laborator y condition s  th e  us e  o f  concentra -
te d sola r  ligh t  hea t  energ y i n  productio n processes ,  t o  sho w 
a  possibilit y  to ,  a t  leas t  partially ,  replac e  th e  traditiona l 
energ y source s  b y renewabl e  ones * 

The  create d experimenta l  bas e  promote s  th e  successfu l  perfor -
manc e  o f  differen t  experiments * Th e  bas e  Include s  1 0 sola r 
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furnace s  wit h concentrator s  1.0 ;  1.5 ;  2.0 ;  2. 8  an d 5* 0 m  I n 
diameter ,  th e  las t  tw o bein g meta l  antenna s  tilt h  paste d fa -
cets ,  th e  othe r  ones-high-accurac y glas s  mirror s  o f  searo h 
ligh t  type .  Th e  characteristic s  o f  som e  plant s  ar e  give n i n 
Tabl e  1 .  Al l  th e  device s  ar e  provide d wit h photoelectrica l 

Tabl e  1 . Characteristic s  i f  sola r  plant s 

Í  Plan t  Powe r  j a n l r o r  Temperatur e  jtffocu s  ma x hea t  flo w 
Ô ma x 

Inde x k W (m )  (°C )  (mm )  (W/cm 2) 

1 .  C&- 2 1, 2 1, 5 350 0 6, 0 150 0 
2 .  CfV- 4 1, 8 2, 0 340 0 8, 4 120 0 
3 ·  CRf- 5 1, 8 2, 0 320 0 8, 4 120 0 
4 ·  CW- 6 3, 5 2, 8 150 0 3 6 8 0 
5 .  óÐÔ- 7 8, 5 5, 0 150 0 7 0 8 0 
6 .  0, 7  1, 0  250 0 2, 5 60 0 

system s  o f  automati c  trackin g th e  Sun ,  regulator s  o f  hea t  pa -
rameters ,  th e  othe r  functiona l  node s  an d system s  includin g th e 
chamber s  wit h quart z  window s  t o  mak e  experiment s  i n  vacuu m 
an d i n  th e  medi a  differen t  i n  chemica l  composition .  Hea t  para -
meter s  i n  al l  th e  plant s  ar e  certifie d usin g th e  calorimeter s 
wit h water-coole d spac e  simulatin g a  blackbody .  A  specia l 
optoelectroni c  syste m o f  temperatur e  measurement s  ha s  bee n 
elaborate d (Stegni y e t  al. ,  1 9 7 9 ) .  I t  permit s  t o  mak e  measu -
rement s  i n  th e  infrare d regio n i n  th e  sola r  spectru m troughs , 
whic h ar e  th e  resul t  o f  ligh t  absorptio n b y vapour s  o f  wate r 
an d carbo n dioxid e  molecules . 

A numbe r  o f  work s  mad e  earlie r  a t  th e  Institut e  fo r  Problem s 
of  Materia l  Scienc e  ha s  sho w a  possibilit y  t o  us e  sola r  fur -
nace s  fo r  th e  stud y o f  physioochemical ,  radiative ,  thermophy -
slcal ,  mechanica l  an d othe r  physica l  propertie s  o f  material s 
a t  hig h temperature s  (Kuzovko v e t  al. ,  1972 ;  Pasichn y e t  al. , 
1978 ;  Stegni y e t  al. ,  1979) -

A possibilit y  o f  loca l  therma l  treatmen t  o f  th e  componen t 
element s  (teeth ,  pushers ,  cuttin g edges ,  e tc . ) ,  whic h doe s 
no t  resul t  i n  tota l  heatin g o f  th e  articl e  i s  o f  practica l 
interest .  Th e  estimat e  o f  suc h a  possibilit y  wa s  execute d b y 
heatin g o f  stee l  38×Ç3ÌÖÁ  specimen s  i n  th e  foca l  spo t  o f 
th e  plan t  Cl~y~lf  (Maiborod a  e t  al. ,  1 9 8 6 ) .  Whe n th e  specime n 
size s  di d no t  excee d th e  foca l  spo t  volume ,  th e  stee l  hardnes s 
reache d 50-5 3 HR q.  Bu t  th e  loca l  heatin g o f  th e  specimens ,  si -
mulatin g th e  half-infinit e  body ,  resulte d i n  th e  increas e  o f 
hardnes s  t o  42-4 3 H R 0 only ,  th e  hardnes s  outsid e  th e  heatin g 
zon e  bein g 3 9 H R C.  Comparativ e  dat a  o f  th e  miorostructura l 
analysi s  evidenc e  fo r  stee l  recrystallizatio n durin g heatin g 
and ,  a s  a  consequence ,  o n it s  hardening .  Lo w hardnes s  i n  th e 
heatin g zon e  i s  a  resul t  o f  th e  proces s  o f  temperin g unde r 
coolin g du e  t o  th e  meta l  volum e  heatin g i n  th e  boundar y areas . 
Thus ,  therma l  treatmen t  i n  th e  foca l  spo t  o f  th e  sola r  furnac e 
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Pig .  1 .  Dependenc e  o f  Fig * 2 .  Dependenc e  o f 
th e  spee d o f  hea t  treat -  tim e  o f  heatin g o f  ce -
ment  sla g concret e  o n rami e  plate s  o n th e 
norma l  sola r  radiation ,  hea t  flow . 

of  th e  surfac e  fusio n Ç  wa s  determine d a s  a  comparativ e  valu e 
characterizin g th e  specifi c  hea t  expenditures : 

H - '  ( 1 ) 

k  J 
wher e  Q  i s  th e  amoun t  o f  supplie d hea t  ;  Â  -  widt h o f  th e 
fuse d zone ,  m ;  V  -  trave l  spee d o f  th e  articl e  i n  th e  foca l 
spot ,  m/s .  Th e  efficien t  hea t  o f  th e  sla g concret e  articl e  sur -
fac e  fusio n obtaine d fro m th e  experimenta l  dat a  i s  abou t 

require s  th e  allowanc e  fo r  th e  factor s  affectin g thi s  proces s 
i n  eao h separat e  cas e  (thermophysica l  propertie s  o f  th e  mate -
rial ,  th e  dimension s  o f  foca l  spo t  an d heate d object ,  etc.) . 

We  thin k tha t  th e  processe s  o f  th e  surfac e  vitrificatio n o f 
buildin g material s  wit h th e  purpos e  t o  improv e  thei r  operatio n 
characteristics ,  t o  impar t  ne w qualitie s  o r  t o  chang e  t o  exist -
in g poner-intensiv e  processe s  fo r  th e  treatmen t  usin g th e  re -
newabl e  potte r  source s  ca n b e  especiall y  promisin g a s  t o  in -
dustria l  implementation .  Th e  result s  o f  th e  stud y o f  tw o pro -
cesse s  ar e  desorlbe d below :  decoratio n o f  sla g concrete ,  con -
sistin g o f  th e  blas t  furnac e  sla g an d cement ,  an d burnin g o f 
cerami c  glaze d plates .  Th e  bot h processe s  wer e  performe d b y 
th e  sola r  plan t  Cr!j-6  whos e  concentracto r  possesse d relati -
vel y  bi g foca l  spo t  an d sufficientl y  hig h temperature . 

Nowadays ,  th e  fire-je t  source s  o f  hea t  ar e  use d fo r  th e  sla g 
concret e  decoratio n whic h give s  th e  materia l  nic e  pain t  an d 
increase s  It s  servic e  lif e  owin g t o  th e  increas e  o f  moistur e 
an d fros t  resistance .  I n  ou r  cas e  th e  articl e  wa s  fastene d 
on th e  positio n mechanis m i n th e  foca l  regio n o f  Cry-G 
an d automaticall y  passe d alon g th e  foca l  plan e  wit h th e  spee d 
ensurin g necessar y qualit y  o f  th e  surfac e  fusio n (Pasichn y 
e t  al. ,  1986) .  Optimu m condition s  o f  processin g hav e  bee n de -
termined . 

The  dependenc e  o f  th e  sla g concret e  processin g rat e  o n th e 
norma l  sola r  radiatio n i s  give n i n  Pig .  1 .  Th e  efficien t  hea t 
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1 3 6 0 0 k J / m * an d t h i s i s i n g o o d a g r e e m e n t w i t h h e a t e x p e n d i t u -
r e s i n c a s e o f t h e u s e o f p l a s m a f l o v i ( Z o l o k i t i n e t a l . , 1 9 8 3 ) . 

Th e e x p e r i m e n t s on t h e r m a l t r e a t m e n t o f g l a z e d c e r a m i c p l a t e s 
c o n s i s t e d i n a s i n g l e e x p o s u r e o f t h e s p e c i m e n 3 2 x 3 0 mm* w h i c h 
i s c o m p l e t e l y i n s c r i b e d i n t o t h e f o c a l s p o t o f t h e c o n c e n t r a -
t o r  Cry~6- Heating  w a s d e c r e a s e d a f t e r  r e a c h i n g t h e u n i f o r m 
f u s i o n o f t h e w h o l e s u r f a c e . Th e d e p e n d e n c e o f h e a t i n g t i m e on 
t h e s u p p l i e d h e a t f l o w s f o r  t h e p l a t e s o f d i f f e r e n t c o l o u r  i s 
g i v e n i n F i g . 2 . Th e d e v i a t i o n s f o r  d i f f e r e n t c o m p o s i t i o n s a r e 
t h e r e s u l t o f t h e d i f f e r e n c e i n t h e e m i s s i v i t y f a c t o r . Th e 
c a r r i e d o u t p h y s i c o m e c h a n i c a l t e s t s f o r  t h e s p e c i m e n s b u r n t 
i n t h e s o l a r  f u r n a c e a s w e l l a s t h e a n a l y s i s f o r  w a t e r  a b s o r p -
t i o n , s h r i n k a g e a n d d e n s i t y h a v e c o n f i r m e d t h e c o m p l e t e c o r r e -
s p o n d e n c e o f t h e g l a z e q u a l i t y t o t h e r e q u i r e m e n t s o f s t a t e 
s t a n d a r t . C a l c u l a t i o n o f s p e c i f i c e x p e n d i t u r e s o f h e a t Ç  a c -
c o r d i n g t o t h e f o r m u l a a n a l o g o u s t o ( 1 ) e v i d e n c e s f o r  t h e f a c t 
t h a t u n d e r  t h e h e a t f l o w s a b o v e 3 * 5 · 1 0 5 w / m 2 t h e y a r e 
3 « 1 0 ' J / m 2 a t a n a v e r a g e , w h i c h i s 4  t i m e s a s l ow a s u n d e r  t h e 
p r e s e n t p r o d u c t i o n p r o c e s s b a s e d on t h e b u r n i n g o f n a t u r a l g a s . 
I t c a n b e p a r t l y e x p l a i n e d b y t h e i n d i v i d u a l c h a r a c t e r  o f t r e -
a t m e n t ( a b s e n c e o f h e a t l o s s e s on t h e c o n v e r y o r , e x h a u s t g a s 
e t c . ) . 

Th e l a s e r  s e p a r a t i n g c u t t i n g o f m a t e r i a l s i s p r a c t i s e d on a 
l a r g e s c a l e f o r  t h e l a s t y e a r s . I n p a r t i c u l a r , f u s i o n c u t t i n g 
o f i n d u s t r i a l f a b r i c p e r m i t s e v o i d i n g l o s s e s b e c a u s e o f s w i n -
g l i n g o f t h e f a b r i c e d g e s w h i c h i s u s u a l u n d e r  m e c h a n i c a l c u t -
t i n g ; i t a l s o p e r m i t s r e d u c i n g t h e deman d o f t h e d i f f i c u l t - t o -
- o b t a i n h a r d - a l l o y b l a d e m a t e r i a l s . We h a v e e s t i m a t e d t h e p o -
t e n t i a l i t i e s o f c u t t i n g b y t h e c o n c e n t r a t e d s o l a r  l i g h t o f 
t h e f o l l o w i n g i n d u s t r i a l f a b r i c s : a s b e s t o s f a b r i c A T - 1 , s i l i c a 
f a b r i c K T - I I - T O , g l a s s c l o t h T . Th e e x p e r i m e n t s w e r e mad e b y 
t h e p l a n t cry~g  w i t h t h e c o n c e n t r a t o r  w i t h ^ 1 . 0 m w h e r e t h e 
f o c a l s p o t i s l e s s t h a n 4  mm i n d i a m e t e r  ( P a s i c h n y e t a l . , 
1 9 8 5 ) . D a t a o f t h e e x p e r i m e n t s sho w ( P i g . 3 ) t h a t b e g i n n i n g 

P i g * 3 · D e p e n d e n c e o f P i g . 4 ·  D e p e n d e n c e o f 
c u t t i n g s p e e d o f i n d u - c u t t i n g s p e e d o f s t e e l 
s t r i a l f a b r i c on t h e X18H10 T on t h e p o w e r 
p o w e r 

f r o m s o m e minimu m v a l u e s t h e c u t t i n g r a t e i s i n d i r e c t p r o p o r -
t i o n w i t h t h e s u p p l i e d e n e r g y , t h e a n g l e o f s l o p e t o t h e X - a x i s 
b e i n g d e c r e a s e d w i t h t h e r i s e o f t h e f a b r i c m e l t i n g p o i n t ( c u r -
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ve s  1  an d 2 ) .  Specifi c  energ y expenditure s  ar e  160 ;  4 5 an d 
28 kJ/ m fo r  fabric s  KT-11 ,  AT- 1 an d T ,  respectively . 

The  experiment s  o n cuttin g th e  allo y X18H10 T wer e  carrie d ou t 
by mean s  o f  th e  plan t  cry-5  i n  th e  ai r  atmosphere .  Th e  shee t 
materia l  0. 5  an d 2. 0 m m thic k wa s  cutted .  Th e  plan t  powe r  wa s 
regulate d b y th e  chang e  o f  th e  turnin g angl e  o f  th e  shutters . 
Dependence s  o f  th e  cuttin g spee d o n th e  energ y supplie d t o  th e 
specime n ar e  presente d i n  Pig .  4 ·  Th e  dat a  obtaine d allowe d 
calculatin g th e  specifi c  hea t  expenditure s  relate d t o  th e  uni t 
of  weigh t  o f  th e  cu t  metal .  I n  th e  rang e  o f  th e  stabl e  proces s 
of  cuttin g a t  E 0«1. 5 k W i t  i s  abou t  -  560 0 kJ/k g (Pasichn y 
e t  al. ,  1984) . 

I n  conclusio n le t  u s  note ,  tha t  ther e  i s  n o essentia l  technica l 
reason s  preventin g fro m th e  practica l  implementatio n o f  th e 
describe d laborator y processes .  Th e  mai n obstacl e  is ,  appa -
rently ,  th e  dependenc e  o f  th e  us e  o f  sola r  energ y o n th e  wea -
the r  an d tim e  condition s  an d thi s  hamper s  th e  plannin g o f  in -
dustria l  production .  A t  th e  sam e  tim e  th e  discretenes s  o f  pro -
cesse s  simila r  t o  th e  describe d ones ,  a  possibilit y  o f  thei r 
smoot h outag e  an d restoratio n practicall y  a t  an y momen t  permi t 
retainin g th e  hop e  t o  overcom e  thi s  obstacle . 

Thus ,  th e  describe d example s  o f  th e  experimenta l  us e  o f  con -
centrate d sola r  energy ,  fro m ou r  poin t  o f  view ,  evidenc e  fo r 
grea t  potentialitie s  o f  th e  substitutio n an d econom y o f  tradi -
tiona l  energ y resourse s  i n  suc h power-intensiv e  fiel d  a s  mate -
ria l  stud y an d productio n engineering . 
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ABSTRACT 

Temperature control systems based on solar and viral energy differ in tvo important vays 
from existing fossil fuel systems. One is that solar systems, at least active solar systems all have some 
kind of energy storage, the other is that the source of energy in a solar and vind energy system is 
variable and uncontrollable. Because of these added complications and the high capital investment 
required for solar and vind energy systems, considerably more sophisticated techniques are required 
for the design of those systems. In this study, a nev technique is applied to the optimal control 
problem of the solar heating systems. 

SOLAR HEATING SYSTEM 

The energy balance equation for the control volume around the storage tank takes into account 
the rate of energy lost from the tank to the surrounding Q^, the rate of solar energy collected 
Qu,the rate of energy supplied to the house by the baseboard heaters and the rate of energy 
change in the storage tank in itself, Q s t: 

Q s t = 9 u - 9 t r Q b ( i ) 
vhere 

9 St = M s C p - ^  (2 ) 

M s, Cp, Ts are the mass, specific heat and the temperature of the storage vater respectively. 
The thermal loss through the tank vails Qfl is given by: 

Q t l = A s U s ( T s- T r ) (3 ) 

vhere Ag is the tank surface area, Tx is the room temperature, U s is the overall heat transfer coefficient 

of the tank. 
Q u is given by the folloving equation (2]: 

Q u = A c F R ( m c) [ H TT á  - U L ( T s - T a) ] (4) 

vhere Ac is collector area, F R is the heat removal factor, is defined as, 

m c C D F ' U LA C 

AC UL m Cp 

34 1 
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denote s the fluid flov  rat e in the collector , Ç ÷ denote s solar  energ y rat e inciden t on tilted collector , 
Tj denote s temperature  of fluid  into collector  and T a denote s ambien t temperature.  Definition of other 
parameter s may be found in Ref. [2] 

The energ y supplie d to the house can be calculate d as folk)vs. 

Q b = m r ( C p ) r ( T s- T r ) (6) 

vher e T r is room temperature,  m r is room loop flov rat e and (C p) r is coefficient of specific heat for 
room . 

The energ y balanc e equatio n for  contro l volume aroun d the room can be vritte n as beloí : 

^ r S - ^ b + O e u x - Q L (7) 
vher e is the heat gain from the storag e (equatio n 6), is auxiliar y heat energ y rate , Q i is heat 

losses from the room to the ambien t QL can be expresse d as foliovs . 

Q L = U r . A r ( T r - T a ) (8) 

vher e U r is vail therma l conductanc e and Ar is the vai l area . 

OPTIMA L CONTRO L OF THE SYSTEM 

If f r denote s a desire d set-poin t temperature  for  the room a possible "comfor t index"  is 

- 2 

Jo 

vhu e the measur e of the auxiliar y energ y consumptio n over  the interva l (0,tj ) is 

J A -  I 9 « i x ^  (10 ) 

13]. 

If stat e variable s 

X 3 = T r - T r 

are introduced , the above equation s can be vritte n in vector  form 
X = ( K 0 + F RK 1 + m r K 2 ) X + Q a u xB + v(t ) ( 11 ) 

K 0, Kj , and Â are given in the Appendi x I. The contro l variable s in this proble m are (or 

equivalentl y FR ), mr and Q a ux The disturbanc e signal v(t) has components , 

V t f ) = [^F^Xa-A .U^-TJ-UA^-TXiC^-Te) ] / ( M C ^ (12) 

Vrft ) = [ m r ( C p) r( T r - T > (UA)r ( T r - TJ 1 / ( M C ^ (13) 

SOLUTIO N OF THE OPTIMA L CONTRO L PROBLE M 

As shovn inEq . (11), the dynami c equatio n for  temperature  contro l systems are nonlinear . 
Hovever , the equation s can be linearize d by using the Tayto r  series approximatio n as shovn in 
Appendi x II . If ve use this technique,  then Eq. (11) vill be transforme d to the fbltovin g equation : 

X = K £ +  K ^ F H+ K ^ j .  (x-x )  +  K^ x [  (FR-FJ^  +  K ^ " m r 

x - x , F R- F R x ^ F R- F R 
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+ K 2m r | . (x-x) + Kax j . ( ð é , - Ú^ Â + v(t) (11) 

x-x ,  m r- T R x-x ,  m r- m r 

vhere" notation represents the values near the optimal operating conditions. Eq. (11) can be revritten 
in terms of x, mr, F r  and Q a ux as belov: 

× - < Ê 0+ Ê Ë | +K2mrJ  )x + K Lx [ . F r + K 2X | . m . + K ^ F R - K ^ n 

x -*,F R-F R x-x ,  ny-m r x-x ,  F R-F R x-x,m p-m r 

j  .÷ -Ê 2)ß j .F R4H 2xm r-H 2m r | .x -K#  j .mr4 BQ^  v(t) (12) 

x-x ,FR-FR x-x ,FR-FR x-x,m r-m r x-x ,  n y m , 

Eq. (12) is nov in the form of the folloving equation: 

x = H 1 x + H 2 u + H 3 v (13 ) 

vhere u is an 3- dimensional control input vector representing F r  and Q a ux and í  is disturbance 

vector representing ambient temperature, insolation etc. ÷ is an 2 dimensional state vector, representing 
temperature deviations from set points. H ] , } ^ and H 3 are coefficients of x, u and í  in Eq. (12) 
respectively. 

The control problem under considerations can be stated as folk)vs. Determine the optimal 
control u(t) vhich minimizes the performance index 

t f 

[ x T ( t) 9 ( t) x ( t) + u T (t) R ( t) á (t)J d t ( 14 ) 

0 
subject to the dynamic constraints 

x - ^ W x W + Ha W + a W + HjWvft ) (IS) 
and the initial conditions 

x ( o ) = x Q ( 1 6 ) 
vhere x(t) is an 2x1 state vector, u(t) is an 3x1 control vector, Q(t) is an 2x2 positive semi-definite 
matrix, R(t) is an 3x3 positive definite matrix, and Ç \ and H 2 are respectively, matrices of dimensions 
2x2 and 2x3, t is time parameter, tf is the final time, and (·) represents the time derivative. 

It is veil knovn mat the optimal control u(t) for this system is 

u ( t ) = R - ^ H 1T p ( t ) ( 1 7 ) 
vhere p(t) is an 2x1 costate (adjoint) variable vector that satisfies me foltoving canonical equations : 

÷ ( t) = Ç ÷ ÷ + H 2R " 1H j p ( t ) (18 ) 

p ( t ) = Q x - H j p ( t ) ( 19 ) 

subject to the terminal conditions : 

x(o) = x 0 and p(tf) = 0 (20) 

In this study, the nev method proposed by O P Agraval [4] is applied for solving me optimal 
control problem of the solar heating system. 

If dx and dp are arbitrary virtual variations in the state and costate varibles, respectively, men 
using an approach analogous to a variational virtual vork approach and the Lagrange multiplier 
technique, (18) to (20) can be restated as 
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Ô 
[ S x V t t J i x i t J - H a x - H g R ^ H g p f t ) ) + 

Ô 

ä ñ Ô W c( t ) ( p ( t ) - Q x + Ç 2 p ( t ) ) ] dt + (21) 

ô ô 
ä [ ë 2 (÷ (ï ) -  ÷ 0)  1+ ä é  ë2p(t. )  1 = Ï 

vhere W 3 (t) ami VP  (t) are diagonal veighing coefficients matrices associated vith virtual variations 

of state and costate variables, respectively, and ë j and ë 2 are each 2x1 vectors of Lagrange 

multipliers. Matrices W*(t) and W° (t) may be vritten explicitly as 

vhere Wj^t) (Wjc) i 3  the veighing coefficient associated vith the ith component of ä÷ ( äñ). [4] 
Equation (21) is the desired variational formulation for numerical solution of the tvo point 

boundary value problems 

CONCLUSIONS 

A nev approach incorporating a variational virtual vork vith veighing coefficients and the 
Lagrange multiplier technique has been applied to the solar heating systems. In this method, the 
approximating functions need not satisfy the terminal conditions a priori. 

Ë  comprehensive numerical results of the problem vill be presented in the next paper. 
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Int.J. Control, 1989, Yol.50, No.2., 627-638. 
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APPENDIX I 

The matrices K 0, Kt, K 2 and Â in Eq. (11) in the paper are given by, 

w*(t) = dieg iw* (t) , w* (t) , W* (t) ] (22) 

c c c 
VT(t ) = diag [W l (t) , W2 (t) , W ft (t) ] (23 ) 

- U , V M , ( C p ) e 

- U r V M , ( C „ ) f 
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Ï 

-(Cp) ^  M 8( C p) s 

( C p) i/ M P( C p) r 

Â = 

APPENDIX II 

1/ M r( C p) f 

0 

Ï 

(C v)JM t(C v) t 

LINEARIZING OF THE NONLINEAR MODEL 

Consider a nonlinear system vhose output y is a function of the inputs x t and x2, so that 

y = f ( x 3, x 2) (1) 

In order to obtain a linear approximation to this nonlinear system, we may expand Eq. (1) 

in to a Taylor series about the normal operating point Xi ,x2. TnenEq. (1) becomes 

y = f ( x 1 #x a ) + ( x 2- x 2) + ( × 2 - ×2 ) 

8 x 2 3 x 2 

+ --

2 2 2 
a f _ 2 a f - - a f - 2 

( x rX l )  +  (Xl-Xl )  ( X 2 - X 2 ) + ( X 2 ~ X2 ) 
2 8 x j è÷ 2 2 

3 ×1 D X2 

vhere the partial derivatives are evaluated at X |  = x t, X j  = x2. Near the normal operating point, the 
higher-order terms may be neglected. The linear mathematical model of this nonlinear system in the 
neighbourhood of the normal operating condition is the given by 

(2 ) 

vhere 

ã - ã = P 2 ( x 2 - xj) + P 2 ( x 2 - x 2) 

ã = f ( ÷ ! , ÷ 2 ) 

af . 

(3 ) 

P l = 

P 3 = 

d x 
1 X l = X l , X 2 = SX 2 

a f 
d x 

[5] 

2 ÷1= ÷1, ÷3= ÷2 
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ABSTRACT 

We  hav e  designed ,  constructe d an d teste d tw o type s  o f  lo w cos t  sola r  wate r 
heaters .  Th e  firs t  i s  a  thermosipho n uni t  consistin g o f  a  fla t  plat e 
collecto r  i n  conjunctio n wit h a  storag e  tank ,  usin g ai r  a s  a  hea t  exchang e 
workin g medium ,  instea d o f  liquid.Th e  secon d i s  a n integrate d collecto r 
storag e  system ,  usin g a  cylindrica l  collector-storag e  tan k place d 
horizontall y  i n  a  curve d mirro r  envelope .  Wit h prope r  desig n an d operatio n 
of  thes e  tw o type s  o f  wate r  heater s  w e  ca n improv e  thei r  performance , 
approachin g th e  efficienc y obtaine d b y th e  commonl y use d an d mor e  expensiv e 
sola r  wate r  heaters . 

KEYWORDS 

Sola r  wate r  heater ,  thermosipho n system ,  ai r  heater ,  integrate d collecto r 
storag e  system . 

INTRODUCTION 

The  us e  o f  sola r  wate r  heater s  fo r  lo w temperatur e  applications ,  a s  fo r 
exampl e  fo r  domesti c  ho t  water ,  ha s  show n tha t  ther e  i s  a  nee d fo r  desig n 
an d constructio n o f  unit s  whic h combin e  lo w cost ,  goo d performanc e  an d 
durability .  Thi s  wil l  hel p thei r  widesprea d us e  i n  man y countries ,  wit h 
favourabl e  meteorologica l  conditions .  Th e  unit s  whic h ar e  commonl y use d no w 
ar e  o f  th e  thermoshipho n an d th e  integrate d collecto r  storag e  (ICS )  types . 
Extensiv e  stud y o n thes e  type s  i n  ou r  laborator y ha s  le d t o  th e  desig n an d 
developmen t  o f  improve d model s  base d o n ai r  collector s  i n  conjunctio n wit h 
a  storag e  tan k fo r  thermosipho n units ,  an d lo w cos t  stationar y concentratin g 
IC S systems .  Th e  collecto r  i s  base d o n th e  principl e  o f  th e  therma l  tra p fo r 
th e  reductio n o f  therma l  losse s  t o  th e  ambient ,  usin g ai r  a s  a  workin g 
flui d (  Caouri s  e t  al .  1978) . 

AIR THERMOSIPHON UNIT S 

For  th e  thermosipho n case ,  particula r  interes t  deserve s  th e  desig n 
employin g ai r  a s  a  hea t  exchang e  workin g medium ,  instea d o f  liquid ,  use d i n 
common thermosipho n collectors .  Th e  advantage s  are :  lo w cos t  o f  constructio n 
an d extende d durability ,  whil e  th e  therma l  efficienc y i s  reduce d compare d 
t o  tha t  wit h liqui d workin g medium .  Recen t  wor k o n thi s  typ e  o f  sola r 
heater s  (  Grup p e t  al .  1987 )  ha s  show n tha t  prope r  desig n an d operatio n 
may improv e  th e  efficiency ,  approachin g tha t  o f  liqui d mediu m thermosipho n 
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Fig .  2 Efficienc y curve s  fo r  th e  experimenta l  models . 

34 7 

Fig .  1 Cros s  sectio n o f  th e  ai r  thermosipho n units . 
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systems .  Ou r  ai m i s  t o  improv e  th e  therma l  efficienc y o f  th e  thermosipho n 
ai r  circulatio n betwee n th e  collecto r  an d storag e  b y th e  increas e  o f  th e 
area s  o f  hea t  exchang e  an d th e  spee d o f  ai r  circulation . 

I n  figur e  1  w e  sho w thre e  model s  operatin g i n  a  simila r  way ,  regardin g th e 
thermosipho n ai r  circulatio n .  Th e  lowe r  par t  o f  th e  absorbe r  i s  shape d i n 
for m o f  fin s  fo r  increase d are a  o f  hea t  exchange .  Fo r  th e  sam e  reaso n w e 
hav e  attache d fin s  o n th e  externa l  surfac e  o f  th e  cylindrica l  tank .  Thi s 
result s  i n  improve d hea t  transfe r  fro m th e  ho t  ai r  t o  th e  wate r  i n  th e  tank . 
Al l  thre e  model s  us e  tw o ai r  ducts ,  th e  lowe r  use d fo r  th e  lif t  o f  ho t  ai r 
t o  th e  wate r  tan k an d th e  uppe r  fo r  th e  ai r  return .  Th e  duct s  ar e  separate d 
fro m th e  absorbe r  i n  model s  I  an d II ,  whil e  fo r  mode l  II I  ther e  i s  a n 
interpose d laye r  o f  ho t  trappe d ai r  actin g a s  a n insulator .  Al l  model s  ar e 
covere d b y transparen t  glas s  covers . 

The  experimenta l  stud y o f  model s  1,1 1 an d II I  ha s  take n plac e  i n  fiel d 
condition s  an d include d als o a  commo n fla t  plat e  collecto r  o f  th e 
thermosipho n typ e  (mode l  F )  fo r  comparison .  Fro m th e  result s  w e  hav e 
calculate d th e  averag e  efficienc y ç  durin g th e  day ,  fo r  eac h model ,  a s  a 
functio n o f  th e  rati o  ÄÔ/É ,  show n i n figur e  2 .  We  se e  tha t  th e  therma l 
behaviou r  o f  th e  thermosipho n unit s  wit h air ,  i s  approachin g tha t  o f  th e 
thermosipho n unit s  wit h water .  Th e  differenc e  i n  efficiencie s  i s  mainl y du e 
t o  th e  smalle r  efficienc y o f  th e  ai r  collector ,  i n  compariso n wit h th e 
liqui d collector ,  an d th e  fac t  tha t  th e  las t  wa s  use d withou t  a  hea t 
exchange r  (ope n system) .  Th e  result s  sho w tha t  th e  us e  o f  ai r  collector s  i s 
a  viabl e  alternativ e  t o  th e  thermosipho n units ,  takin g int o accoun t  cos t 
an d durability . 

STATIONARY CONCENTRATING IC S SYSTE M 

For  th e  IC S typ e  h e  hav e  develope d a  serie s  o f  models ,  whic h consis t  o f  a 
cylindrica l  storage-collecto r  tank ,  i n  conjunctio n wit h a  mirro r  fo r  th e 
increas e  o f  th e  collecte d sola r  radiatio n wit h th e  simultaneou s  reductio n o f 
th e  therma l  losse s  fro m th e  tan k (  Tripanagnostopoulo s  e t  al.,1987) .  I n 
thi s  articl e  w e  presen t  a  simpl e  desig n o f  a n IC S syste m wit h lo w 
constructio n an d maintenanc e  cost .  I n  figur e  3  w e  sho w thi s  inexpensiv e  IC S 
model ,  whic h i s  constructe d fro m a n envelop e  o f  polishe d stainles s  stee l 
sheet ,  th e  interna l  surfac e  o f  whic h act s  a s  a  concentratin g mirror .  Th e 
cylindrica l  tan k i s  place d horizontall y  an d th e  side s  ar e  close d b y tw o 
fla t  mirrors .  A  transparen t  glas s  cove r  i s  use d fo r  al l  models . 

The  lo w cos t  o f  th e  uni t  i s  mainl y du e  t o  th e  compac t  an d simpl e  design , 
combine d wit h th e  absenc e  o f  additiona l  element s  fo r  therma l  protection , 
e.g. :  doubl e  glazing ,  selectiv e  absorbe r  an d therma l  insulatio n o f  th e 
externa l  mirro r  surface .  Thi s  collecto r  i s  als o characterize d b y th e  eas e  o f 
transport ,  installatio n an d operation .  Thi s  IC S uni t  ha s  a  satisfactor y 
efficienc y durin g th e  da y fo r  th e  wate r  heating ,  bu t  i t  ha s  a  proble m i n 
maintainin g th e  ho t  wate r  durin g th e  nigh t  (figur e  4 ) ,  becaus e  o f  th e 
relativel y hig h therma l  losse s  t o  th e  ambient ,  fro m th e  tan k surface .  I n 
figur e  2  w e  hav e  drawn ,  fo r  comparison ,  th e  curv e  o f  averag e  efficienc y ç 
durin g th e  day ,  o f  a n IC S mode l  togethe r  wit h th e  efficienc y o f  th e  previou s 
models .  We  not e  tha t  th e  IC S mode l  ha s  a  hig h valu e  fo r  th e  coefficien t  o f 
therma l  losse s  du e  t o  th e  minimu m therma l  protection ,  compare d wit h th e 
othe r  systems . 

On th e  basi s  o f  thes e  guideline s  th e  mos t  efficien t  operatio n o f  th e  uni t  i s 
when w e  us e  th e  ho t  wate r  durin g th e  da y an d fe w hour s  afte r  th e  maximu m 
temperatur e  time . 
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Fig .  4 Variatio n o f  mea n wate r  temperatur e  o f  th e 
IC S mode l  withou t  wate r  draining . 

However ,  fo r  th e  preservatio n o f  ho t  wate r  t o  cove r  th e  need s  unti l  lat e  a t 
nigh t  w e  mus t  tak e  som e  precaution s  fo r  th e  therma l  insulatio n o f  th e  ho t 
water .  Fo r  countries ,  wher e  th e  wate r  heatin g fo r  domesti c  us e  i s  don e 
mainl y b y electri c  wate r  heater s  a s  i t  i s  th e  cas e  fo r  Greece ,  ther e  exist s 
th e  possibilit y  o f  economicall y  efficien t  combinatio n o f  existin g wate r 
heatin g installatio n an d IC S typ e  units . 

Fig. 3 The stationary concentration ICS model with 
horizontal cylindrical collector-storage tank. 
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Fig .  5  Connectio n o f  a n IC S uni t  i n  serie s  wit h 
an indoo r  wate r  electri c  heater . 

I n  figur e  5  w e  presen t  a  connectio n o f  a n IC S uni t  i n  serie s  wit h a n indoo r 
electri c  heater ,  whic h serve s  i n  th e  preservatio n o f  sufficien t  quantit y  o f 
ho t  wate r  a s  i t  passe s  throug h th e  wel l  insulate d secon d unit ,  i f  w e  us e  ho t 
wate r  durin g th e  da y an d earl y  i n  th e  night .  Fo r  th e  cas e  o f  insufficien t 
temperatur e  o f  wate r  w e  ca n operat e  th e  secon d auxilliar y sourc e  o f  heat , 
givin g th e  additiona l  energ y . 
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ATTRACTIVE SMALL MARKETED HOT WATER SOLAR HEATIN G SYSTEMS USIN G LO W FLO W 
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ABSTRACT 

Laborator y experiment s  hav e  show n tha t  sola r  heatin g system s  usin g lo w 
flo w operatio n perfor m extremel y well . 

Preliminar y result s  fro m a  demonstratio n projec t  indicate ,  tha t  th e  promis -
in g result s  fo r  lo w flo w system s  i n  th e  laborator y ca n b e  transferre d t o 
system s  i n  practice . 

Work i s  necessar y i n  orde r  t o  reduc e  th e  cos t  o f  markete d lo w flo w sola r 
systems .  I f  thi s  wor k i s  successfu l  highl y attractiv e  markete d sola r  heatin g 
system s  makin g us e  o f  lo w flo w operatio n wil l  b e  availabl e  i n  th e  future . 

KEYWORDS 

Sola r  heatin g systems ,  domesti c  ho t  wate r  supply ,  lo w flo w operation ,  labor -
ator y experiments ,  markete d systems . 

INIRODUCTION 

Investigation s  hav e  show n (va n Koppe n e t  al. .  1979 ,  Furb o e t  al .  1987 , 
Hollands ,  1988) ,  tha t  smal l  sola r  heatin g system s  usin g lo w flo w operatio n 
an d a  hea t  storage ,  wher e  therma l  stratificatio n i s  buil t  u p durin g sunn y 
periods ,  ar e  highl y attractive . 

The  therma l  performanc e  o f  suc h a  lo w flo w syste m i s  greate r  tha n th e 
therma l  performanc e  o f  a  "traditional "  sola r  heatin g system .  Furthermore , 
th e  cos t  o f  a  sola r  heatin g syste m ca n b e  reduce d i f  th e  lo w flo w principl e 
i s  used . 

LABORATORY EXPERIMENTS 

Sinc e  198 7 th e  therma l  performanc e  o f  differen t  smal l  sola r  heatin g system s 
fo r  domesti c  ho t  wate r  suppl y hav e  bee n measure d b y mean s  o f  side-by-sid e 
experiment s  a t  th e  laboratory ,  (Furb o e t  al. .  1987 ,  Furbo ,  1989) . 
One  o f  th e  teste d system s  hav e  a s  th e  hea t  storag e  a  ho t  wate r  tan k wit h a 
built-i n  hea t  exchange r  spira l  a t  th e  botto m o f  th e  tank .  Th e  sola r  col -
lecto r  flui d i s  pumpe d throug h th e  hea t  exchange r  spira l  wit h a  norma l 
flo w rate .  I n  thi s  wa y th e  hea t  produce d b y th e  sola r  collector s  i s  trans -
ferre d t o  th e  ho t  wate r  tank .  Thi s  syste m i s  designe d a s  mos t  o f  th e  mar -
kete d sola r  heatin g system s  i n  Denmar k today . 
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Two identica l  sola r  heatin g system s  wit h a  ho t  wate r  tan k wit h a  mantl e 
welde d aroun d a  par t  o f  th e  surfac e  o f  th e  tank ,  wer e  teste d a s  well .  Th e 
sola r  collecto r  flui d i s  slowl y pumpe d throug h th e  mantl e  fro m th e  to p t o 
th e  bottom .  I n thi s  wa y i t  ha s  bee n possibl e  t o  determin e  optimu m flo w 
rat e  an d contro l  strateg y fo r  a sola r  heatin g syste m wit h a mantl e  hea t 
storage . 

The  volum e  o f  eac h o f  th e  ho t  wate r  tank s  i s  2È È 1 ,  an d electri c  heatin g 
element s  ar e  place d i n  th e  to p o f  th e  tanks .  I n  thi s  wa y th e  wate r  i s  als o 
heate d i n  period s  withou t  sunshine . 

Identica l  markete d sola r  collector s  ar e  use d i n  th e  sola r  heatin g systems , 
whic h ar e  teste d unde r  uniform ,  realisti c  conditions . 

Ih e  investigation s  showe d tha t  th e  mantl e  storag e  syste m perform s  bas t  wit h 
volum e  flo w rate s  i n  th e  sola r  collecto r  loo p betwee n È. 1 an d È. 2 1/mi n m 2 

sola r  collector ,  a  volum e  flo w rat e  approximatel y 7  time s  smalle r  tha n th e 
norma l  use d volum e  flo w rate . 

th e  therma l  performanc e  o f  th e  mantl e  storag e  syste m i s  greate r  tha n th e 
therma l  performanc e  o f  th e  hea t  exchange r  spira l  storag e  system . 

Figur e  1  show s  th e  measure d performanc e  ratio s  betwee n th e  ne t  utilize d 
sola r  energ y fo r  th e  mantl e  hea t  storag e  syste m an d th e  ne t  utilize d sola r 
energ y fo r  th e  hea t  exchange r  spira l  storag e  syste m a s  a  functio n o f  th e 
sola r  fractio n fo r  th e  hea t  exchange r  spira l  storag e  syste m fo r  differen t 
tes t  periods . 

Performanc e  ratio = 
Net  utilize d sola r  energ y fo r  th e  mantl e  storag e  syste m 
Met  utilize d sola r  energ y fo r  th e  hea t  exchange r  spira l  storag e  sys . 

Fig .  1 . 
Measure d performanc e  ratio s  fo r 
th e  mantl e  storag e  syste m a s  a 
functio n o f  th e  sola r  fractio n 
fo r  th e  hea t  exchange r  spira l 
storag e  system . 

01 é é é « 
0 20 40 Ì  10 100 

I 

Sola r  fractio n fo r  th e  hea t  exchange r  spira l  storag e  system . 
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Eac h poin t  i n  th e  figur e  represen t  measurement s  fo r  a  tes t  perio d o f  abou t 
1  week .  Fo r  instance ,  i f  a  poin t  indicate s  a  performanc e  rati o  o f  1.2È ,  i t 
mean s  tha t  th e  therma l  performanc e  o f  th e  mantl e  hea t  storag e  syste m wa s 
2È % greate r  tha n th e  therma l  performanc e  o f  th e  hea t  exchange r  spira l 
syste m i n th e  perio d i n  questio n wit h a  duratio n o f  abou t  1  week . 

The  therma l  advantag e  o f  th e  mantl e  storag e  syste m i s  strongl y influence d 
by th e  sola r  fraction .  Fo r  decreasin g sola r  fractio n th e  therma l  advantag e 
of  th e  mantl e  storag e  syste m i s  increasing .  I n  period s  wit h a  sola r  fractio n 
equa l  t o  1È È % fo r  th e  hea t  exchange r  spira l  storag e  system ,  th e  sola r  frac -
tio n o f  th e  mantl e  storag e  syste m wil l  als o b e  1È È %,  an d s o th e  perform -
anc e  rati o  i s  equa l  t o  1.È0 . 

The  mai n reaso n fo r  th e  therma l  advantag e  o f  th e  mantl e  hea t  storag e  syste m 
wit h a  lo w flo w rat e  i s  th e  larg e  advantageou s  therma l  stratification ,  whic h 
i s  buil t  u p i n  th e  hea t  storag e  o f  thi s  syste m durin g operatio n o f  th e  sola r 
collectors .  Onl y a  shor t  perio d wit h sunshin e  i s  necessar y fo r  th e  wate r  a t 
th e  to p o f  th e  tan k t o  reac h a  temperatur e  level ,  wher e  th e  electri c  heatin g 
elemen t  wil l  b e  turne d off . 
On a  yearl y  basis ,  ho w muc h bette r  perfor m th e  mantl e  hea t  storag e  syste m 
wit h lo w flo w rat e  tha n th e  hea t  exchange r  spira l  storag e  syste m ?  I n orde r 
t o  answe r  thi s  questio n continuou s  measurement s  o f  th e  therma l  performanc e 
of  th e  tw o system s  hav e  bee n carrie d ou t  sinc e  Jun e  198 9 so ,  th e  system s 
hav e  no w bee n i n  operatio n fo r  a  year .  Eac h syste m ha s  a  4. È m 2 Danis h 
markete d sola r  collecto r  wit h a  polypropylen e  absorber .  Th e  efficienc y o f 
th e  collecto r  is : 

ç =0.74-5.4-Tm-Ta-Q.018 '  flfa-Ta) 2. 
I  I 

The  dail y  ho t  wate r  consumptio n wa s  20 0 1 ,  somewha t  smalle r  howeve r  i n  Jun e 
1989 .  Th e  result s  o f  th e  ineasurement s  ar e  give n i n  tabl e  1 . 
The  measure d ne t  utilize d sola r  energ y fo r  th e  mantl e  storag e  syste m ha s 
bee n 1 7 % greate r  tha n th e  ne t  utilize d sola r  energ y fo r  th e  hea t  exchange r 
spira l  storag e  syste m durin g th e  firs t  yea r  o f  continuou s  operation . 

The  ne t  utilize d sola r  energ y fo r  th e  mantl e  storag e  syste m fo r  th e  firs t 
yea r  o f  operatio n wa s  31 9 kWh/m 2 sola r  collector ,  correspondin g t o  a  sola r 
fractio n o f  4 8 %.  Thi s  i s  a  goo d performanc e  considerin g th e  relativel y 
poo r  efficienc y o f  th e  sola r  collector s  an d th e  Danis h weathe r  conditions . 

The  differenc e  betwee n th e  therma l  performanc e  o f  th e  system s  woul d hav e 
bee n smalle r  i f  th e  dail y  ho t  wate r  consumptio n woul d hav e  bee n smalle r  tha n 
200 1 ,  whil e  th e  differenc e  betwee n th e  therma l  performanc e  o f  th e  system s 
woul d hav e  bee n greate r  wit h a  greate r  dail y  ho t  wate r  consumption . 

SMALL MARKETED SOLAR HEATIN G SYSTEMS 

Can th e  promisin g result s  fo r  th e  lo w flo w sola r  heatin g system s  b e  trans -
ferre d fro m th e  laborator y t o  practic e  ?  I n  orde r  t o  answe r  thi s  questio n 
a  demonstratio n projec t  wa s  initiate d i n  th e  sprin g o f  1989 .  Thre e  Danis h 
producer s  o f  sola r  heatin g systems :  Batec ,  Aid t  Mi l  j o  Ap 6 an d Aroc n Solvarm e 
ApS participat e  i n  th e  project .  Eac h produce r  buil d  thre e  smal l  sola r 
heatin g system s  usin g lo w flo w operatio n i n  differen t  on e  famil y houses . 

Al l  th e  system s  ar e  equippe d wit h kWh-meter s  i n  suc h a  way ,  tha t  th e  ho t 
wate r  consumptio n an d th e  therma l  performanc e  o f  th e  system s  wil l  b e  meas -
ure d durin g th e  firs t  yea r  o f  operation . 
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Tabl e  1 .  Measure d therma l  performance s  o f  tv o 4. 0 m 2 laborator y 
sola r  heatin g systems . 
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PRELIMINARY RESULTS 

By th e  en d o f  Ma y 199 0 si x  o f  th e  planne d nin e  sola r  heatin g system s  hav e 
bee n installed .  Eac h syste m ha s  a  mantl e  ho t  wate r  tan k a s  th e  hea t  storage . 
The  ho t  wate r  tank s  ar e  a t  th e  to p supplie d wit h a n electri c  heatin g elemen t 
and/o r  a  hea t  exchange r  spira l  i n  suc h a  way ,  tha t  th e  wate r  a t  th e  to p o f 
th e  tan k ca n b e  heate d b y mean s  o f  a n auxiliar y energ y sourc e  i n  cloud y 
periods .  Thi s  is :  Th e  tota l  ho t  wate r  consumptio n i s  tappe d fro m th e  hea t 
storag e  o f  th e  sola r  heatin g system . 

Some  o f  th e  system s  hav e  bee n i n  operatio n withou t  problem s  fo r  months .  Th e 
measure d therma l  performance s  o f  thes e  system s  ar e  give n i n  tabl e  2 .  Th e 
therma l  performance s  o f  th e  system s  ar e  a s  grea t  a s  expected .  Th e  prelimin -
ar y result s  fro m th e  firs t  installe d system s  wit h lo w flo w operatio n there -
for e  indicate ,  tha t  suc h system s  als o i n  practic e  ca n hav e  hig h therma l 
performance s  an d tha t  th e  system s  ca n operat e  withou t  problems . 

The  measurement s  wil l  b e  continue d durin g th e  nex t  yea r  an d exparience s  wit h 
differen t  design s  o f  lo w flo w system s  wil l  b e  gained . 

CONCLUSION 

Measurement s  hav e  shown ,  tha t  smal l  markete d sola r  heatin g system s  makin g 
us e  o f  lo w flo w operatio n ca n hav e  ver y hig h therma l  performances .  Th e  ne t 
utilize d sola r  energ y fo r  lo w flo w system s  ca n b e  u p t o  abou t  2 0 % greate r 
tha n th e  ne t  utilize d sola r  energ y fo r  norma l  sola r  heatin g systems . 

Therefor e  ther e  i s  a  nee d t o  develop e  thes e  markete d lo w flo w system s  i n 
orde r  t o  reduc e  th e  cos t  o f  th e  system s  withou t  decreasin g th e  therma l  per -
formanc e  o f  th e  systems .  I f  suc h wor k i s  successfu l  i t  wil l  b e  possibl e  t o 
marke t  highl y attractiv e  smal l  lo w flo w sola r  heatin g system s  fo r  domesti c 
ho t  wate r  suppl y i n  th e  future . 
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T a b l e 2 . M e a s u r e d  t h e r m a l p e r f o r m a n c e o f s o l a r h e a t i n g  s y s t e m s  u s i n g 
l o w f l o w o p e r a t i o n i n  p r a c t i c e . 

• i n c l . h e a t l o s s  f o r t h e  c i r c u l a t i o n  p i p i n g . 
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CALCULATION O F TH E THERMAL PERFORMANCE O F SMALL HOT WATER SOLAR HEATIN G 
SYSTEMS USIN G LO W FLO W OPERATION 

Pete r  Ber g an d Simo n Furb o 
Therma l  Insulatio n Laborator y 

Buildin g 118 ,  Technica l  Universit y  o f  Denmar k 
DK-280 0 Lyngb y 

Denmar k 

ABSTRACT 

E>qDeriment s  hav e  show n tha t  smal l  sola r  heatin g system s  usin g lo w flo w 
operatio n an d a  ho t  wate r  tan k wit h a n enclosin g mantl e  perfor m extremel y 
well . 

A detaile d mathematica l  mode l  simulatin g th e  therma l  behaviou r  o f  suc h 
sola r  heatin g system s  ha s  bee n develope d an d validate d b y mean s  o f  indoo r 
experiment s  wit h a  mantl e  hea t  storage . 

The  yearl y  therma l  performanc e  o f  differen t  design s  o f  an d operatio n strat -
egie s  fo r  smal l  lo w flo w sola r  heatin g system s  hav e  bee n calculated .  B y 
us e  o f  th e  mode l  i t  i s  possibl e  t o  optimiz e  th e  desig n o f  th e  system ,  th e 
operatio n an d contro l  strateg y o f  th e  system . 

The  calculate d therma l  performanc e  o f  th e  lo w flo w syste m i s  compare d t o 
th e  calculate d therma l  performanc e  o f  a  traditiona l  sola r  heatin g syste m 
usin g a  norma l  flo w rate .  Th e  calculate d increas e  o f  therma l  performanc e 
of  th e  lo w flo w syste m i s  somewha t  smalle r  tha n th e  measure d increas e  o f 
th e  therma l  performance .  Therefore ,  wor k i s  stil l  necessar y i n  orde r  t o 
validat e  th e  develope d mode l  b y mean s  o f  experiment s  wit h a  complet e  sola r 
heatin g system . 

KEYWORDS 

Sola r  heatin g system ,  lo w flo w operation ,  domesti c  ho t  wate r  supply ,  math -
ematica l  model ,  validation ,  calculate d yearl y  therma l  performance ,  optimu m 
desig n an d operatio n strategy ,  compariso n t o  traditiona l  sola r  heatin g 
systems . 

INTRODUCTICN 

Investigation s  hav e  show n (va n Koppe n e t  al. .  1979 ,  Furb o e t  al .  ,  1987 , 
Hollands ,  1988) ,  tha t  smal l  sola r  heatin g system s  usin g lo w flo w operatio n 
an d a  hea t  storage ,  wher e  therma l  stratificatio n i s  buil t  u p durin g sunn y 
periods ,  ar e  highl y attractive . 

I n  connectio n wit h optimizatio n o f  lo w flo w system s  a  validate d  nErthematica l 
model  whic h simulate s  th e  therma l  behaviou r  o f  thes e  attractiv e  system s 
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wil l  b e  a  usefu l  tool .  Therefor e  wor k ha s  bee n initiate d i n  orde r  t o 
develop e  suc h a  model .  Hi e  result s  o f  thi s  wor k hav e  bee n reporte d (Berg , 
199G) .  A  sunroar y i s  give n i n  th e  following . 

MATHEMATICAL M3DEL 

A schematicall y  illustratio n o f  th e  sola r  heatin g syste m whic h i s  take n i n 
calculatio n i s  show n i n Fig .  1 .  Th e  hea t  storag e  i s  a  ho t  wate r  tan k wit h 
a mantl e  welde d aroun d th e  surfac e  o f  th e  tank .  Thi s  typ e  o f  tan k i s  com -
monl y use d i n  Denmar k a s  a  ho t  wate r  tank .  Th e  sola r  collecto r  flui d i s 
slowl y pumpe d throug h th e  mantl e  fro m th e  to p t o  th e  bottom . 

As  show n i n Fig .  1  a  numbe r  o f  hea t  storag e  temperatures ,  correspondin g t o 
a  numbe r  o f  contro l  volume s  i n  th e  water ,  i n  th e  sola r  collecto r  flui d i n 
th e  mantl e  an d i n  th e  tan k material ,  i s  take n i n  consideration .  Ne w contro l 
volum e  temperature s  ar e  calculate d a t  eac h tim e  ste p durin g th e  year .  I n 
period s  wit h th e  sola r  collecto r  i n  operatio n th e  tim e  ste p i s  chose n i n 
suc h a  wa y tha t  th e  volum e  o f  th e  sola r  collecto r  flui d i n  eac h contro l 
volum e  o f  th e  mantl e  i s  replace d exac t  onc e  durin g eac h tim e  step .  I n  thi s 
way numerica l  diffusio n i s  avoided . 

ho t  water . 

_  hea t  exchange r  spira l 

Lconnecte d t o  a n auxiliar y 

energ y source . 

.  mantl e  hea t  storage . 

electri c  heatin g e l 

sola r  collecto r 

col d wate r  ' 

— â  • < — 1 

axi s  o f  rotatio n 

_st > wate r 

% ho t  wate r  tan k wal l 

sola r  collecto r  flui d 

!Î ·  mantl e  wal l 

Fig .  1 , Schematica l  illustratio n o f  th e  sola r  heatin g syste m take n i n 
calculatio n an d o f  th e  principl e  o f  th e  divisio n o f  th e  hea t 
storag e  i n  a  numbe r  o f  contro l  volumes . 
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VALIDATION O F TH E MODEL 

The  mathematica l  mode l  ha s  bee n validate d b y mean s  o f  differen t  experiment s 
wit h a  20 0 1  mantl e  hea t  storag e  i n  a n indoo r  tes t  facility .  Test s  wit h 
differen t  inle t  temperature s  o f  th e  sola r  collecto r  flui d wer e  carrie d cut . 

Measure d ho t  wate r  tan k temperature s  wer e  compare d wit h calculate d temper -
atures ,  fo r  differen t  quantitie s  o f  hea t  transfe r  coefficient s  fo r  th e 
hea t  transfe r  betwee n th e  sola r  collecto r  flui d an d th e  wate r  i n  th e  hea t 
storage .  I n  thi s  wa y th e  hea t  transfe r  coefficient s  wer e  determined . 

Figur e  2  show s  fo r  a  perio d wit h a  typica l  behaviou r  o f  th e  sola r  ooHecbo r 
flui d inle t  temperatur e  an d tw o ho t  wate r  tapping s  th e  measure d an d cal -
culate d outle t  flui d temperatur e  an d hea t  storag e  temperatures .  Th e  cal -
culate d temperature s  ar e  i n  goo d agreemen t  wit h th e  measure d temperatures . 
The  goo d agreemen t  i n  th e  experimen t  show n i n Fig ,  2  an d i n  a  numbe r  o f 
othe r  experiment s  i s  onl y achieve d b y us e  o f  differen t  quantitie s  o f  th e 
hea t  transfe r  coefficien t  betwee n th e  sola r  collecto r  flui d an d th e  wate r 
fo r  differen t  operatio n conditions . 

CALCULATED RESULTS 

The  yearl y  therma l  performanc e  o f  th e  sola r  heatin g syste m show n schemati -
call y  i n  Fig .  1  wa s  calculate d b y mean s  o f  th e  model .  Th e  sola r  collecto r 
are a  i s  4. 3  m 2 an d th e  efficienc y o f  th e  collecto r  i s  ç  =  0.78-4.8'Tm-T a  . 

I 
The  til t  o f  th e  sout h facin g sola r  collecto r  i s  45* .  Th e  hea t  storag e  i s 
a  20 0 1  ho t  wate r  tan k wit h a  2 7 1  mantl e  welde d aroun d th e  lowe r  5/ 6 o f  ti e 
vertica l  surfac e  o f  th e  tank .  Th e  to p o f  th e  tan k i s  supplie d wit h a n 
electri c  heatin g elemen t  fo r  th e  5  summe r  month s  an d a  hea t  exchange r  spira l 
fo r  a n oi l  burne r  fo r  th e  7  winte r  months . 

The  dail y  ho t  wate r  consumptio n i s  15 0 1  heate d fro m 1 0 ° C t o  5 0 ° C an d th e 
Danis h Tes t  Referenc e  Yea r  i s  use d a s  th e  weathe r  data .  Calculation s  wer e 
carrie d ou t  wit h differen t  design s  an d operatio n strategies .  A n exampl e  o f 
th e  calculate d auxiliar y energ y supplie d t o  th e  hea t  storag e  a s  a  functio n 
of  th e  volum e  flo w rat e  i n  th e  sola r  collecto r  loo p i s  show n i n Fig .  3 . 
The  optimu m volum e  flo w rat e  determine d i n  thi s  wa y i s  È.1 5 1/mi n m 2 sola r 
collector . 

COMPARISON T O A  TRADITIONAL SOLAR HEATIN G SYSTE M 

Additiona l  calculation s  wit h a n existin g mode l  simulatin g th e  therma l 
performanc e  o f  a  traditiona l  sola r  heatin g syste m wit h a  ho t  wate r  tan k 
wit h a  hea t  exchange r  spira l  situate d a t  th e  botto m o f  th e  tan k wer e  carrie d 
out .  Th e  volum e  flo w rat e  i n  th e  sola r  collecto r  loo p wa s  1  1/mi n m 2 sola r 
collector . 

Base d o n th e  result s  o f  thes e  calculation s  an d o n th e  calculate d therma l 
performanc e  o f  th e  mantl e  hea t  storag e  syste m wit h a  lo w flo w rate ,  cal -
culate d performanc e  ratio s  equa l  t o  th e  ratio s  betwee n th e  ne t  utilize d 
sola r  energ y fo r  th e  traditiona l  syste m wer e  determined . 

The  correspondin g measure d performanc e  ratio s  hav e  bee n determina l  (Furbo , 
1989 ,  Furb o 1990) .  Figur e  4  show s  calculate d an d measure d performanc e  ratio s 
fo r  period s  wit h a  duratio n o f  on e  week .  I t  i s  obviou s  tha t  th e  model s 
underestimat e  th e  advantag e  o f  th e  lo w flo w system s  a  little . 
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Fig .  2 . Measure d an d calculate d hea t  storag e  temperature s  durin g 
a  perio d o f  operation . 
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kWh u 

20 0 

15 0 

10 0 

5 0 

Energ y t o  th e  electri c 
heatin g elemen t  i n  th e 
summer . 

kWh 

100 0 

80 0 

60 0 

40 0 

20 0 

Energ y t o  th e  hea t  exchange r 
spira l  i n  th e  winter . 

0. 0  0. 5  1. 0  1. 5 0. 0 0. 5 1. 0 1. 5 

volum e  flo w rate ,  1/mi n m 2 volum e  flo w rate ,  1/mi n m 2 

Fig .  3 .  Auxiliar y energ y supplie d t o  th e  hea t  storag e  a s  a  functio n o f 
th e  volum e  flo w rat e  i n  th e  sola r  collecto r  loop . 

Performanc e  ratio = 
Net  utilize d sola r  energ y fo r  th e  mantl e  storag e  syste m 
Net  utilize d sola r  energ y fo r  th e  hea t  exchange r  spira l  storag e  sys . 
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1. 4 

1. 2 

1. 0 

0. 8 

0. 6 

0. 4 I 

0. 2 

0. 0 

•  Measure d 

# Calculate d 

0 2 0 4 0 6 0 8 0 10 0 

Sola r  fractio n fo r  th e  hea t  exchange r  spira l  storag e  system ,  % . 

Fig .  4 .  Calculate d an d measure d performanc e  ratio s  a s  a  functio n o f  th e 
sola r  fractio n o f  th e  hea t  exchange r  spira l  storag e  system . 
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Work ha s  bee n initiate d i n  orde r  t o  elucidat e  th e  reason s  fo r  th e  discrep -
anc y betwee n measurement s  an d calculations .  I t  wil l  b e  elucidate d i f  th e 
averag e  hourl y sola r  irradianc e  dat a  o f  th e  tes t  referenc e  year s  ar e  suf -
ficien t  t o  calculat e  th e  therma l  performanc e  o f  th e  lo w flo w systems ,  whic h 
work s  i n  suc h a  way ,  tha t  th e  variation s  i n  th e  sola r  irradianc e  increase s 
th e  advantageou s  therma l  stratificatio n i n  th e  hea t  storage . 

When thi s  wor k ha s  bee n complete d th e  validate d mode l  wil l  b e  a  usefu l 
too l  t o  optimiz e  th e  desig n o f  smal l  lo w flo w sola r  heatin g system s  fo r 
domesti c  ho t  wate r  supply . 

CONCLUSION 

A detaile d mathematica l  mode l  simulatin g th e  therma l  behaviou r  o f  smal l 
lo w flo w sola r  heatin g system s  ha s  bee n developed .  Th e  mode l  ha s  bee n 
validate d b y mean s  o f  indoo r  experiment s  wit h a  mantl e  hea t  storage . 

By mean s  o f  th e  mode l  yearl y  therma l  performance s  o f  th e  attractiv e  lo w flo w 
system s  hav e  bee n calculated . 

Comparison s  betwee n calculate d an d measure d performance s  sho w tha t  th e 
model  underestimat e  th e  therma l  advantag e  o f  lo w flo w system s  a  little . 

Therefor e  wor k i s  necessar y i n  orde r  t o  validat e  th e  mode l  b y mean s  o f 
experiment s  wit h a  complet e  sola r  heatin g system . 
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A B S T R A CT 

A sola r  heatin g syste m wit h th e  storag e  tan k situate d unde r  th e  collecto r  ca n 
hav e  a  natura l  circulatio n wit h a  vapour-lif t  pump .  I t  take s  on e  fift h  o f  th e 
collector' s  are a  fo r  generatin g vapour .  Th e  syste m i s  simple r  an d therefor e 
cheape r  tha n a  norma l  syste m wit h a n electrica l  drive n pump . 

K E Y W O R DS 

Natura l  circulation ;  sola r  heatin g system ;  vapour-lif t  pump . 

I N T R O D U C T I ON 

A desire d featur e  i n  a  sola r  collector ,  i s  t o  hav e  a  sel f  sustainin g circulatin g 
syste m betwee n th e  collecto r  an d th e  storag e  tank .  No t  onl y d o yo u economiz e 
by savin g o n th e  pum p an d regulatin g equipment ,  bu t  mos t  importantl y  th e 
dependenc e  fo r  electricit y  ha s  bee n eliminated .  On e  possibl e  arrangemen t  i n 
creatin g a  sel f  sustainin g circulatio n system ,  i s  t o  plac e  th e  storag e  tan k abov e 
th e  collector .  Ther e  ar e  a  fe w disadvantage s  t o  thi s  arrangement .  On e  o f  th e 
majo r  drawbacks ,  i s  tha t  th e  storag e  tan k i s  subjec t  t o  "wea r  an d tear "  fro m th e 
element s  o f  weather .  Hea t  los s  ca n b e  considerable ,  du e  t o  th e  win d factor . 
Als o limite d spac e  a t  th e  locatio n sit e  ca n aggravat e  th e  shado w producin g 
factor ,  othe r  arrangement s  wil l  b e  assume d here . 

C U R R E NT A V A I L A B L E S Y S T E M S 

Severa l  system s  ar e  describe d i n  th e  curren t  literature .  Figur e  1  show s  on e 
exampl e  Neape r  (1986) . 

Th e  floa t  switc h an d th e  valve s  hav e  bee n positione d unde r  th e  collector ,  fo r 
example ,  b y th e  condense r  an d th e  accumulator .  Whe n th e  condenso r  tan k i s 
filled ,  th e  floa t  switc h close s  vapou r  pip e  (3) ,  th e  liqui d pressur e  (th e 
condensate )  i s  presse d u p int o tan k (2 )  an d the n int o th e  sola r  collector . 
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Fig .  1 .  A  floa t  switc h i n  tan k (1 )  shut s  vapou r  pip e  (3 )  an d tan k 
(2) ,  whic h cause s  th e  sola r  collecto r  t o  b e  fille d wit h liquid . 

v a p o u r 

Fig .  2 .  Procedure s  fo r  pumping . 

I ì ® 
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Severa l add i t i ona l example s for  sola r  col lec tors , ar e g iven b y Kjaerbo e (1988). 
Pr imar i l y in connec t io n wi t h vapou r  boi lers , wher e vapou r  (wate r  in a gaseou s 
s tate ) ha s a lower  dens i ty , w h i c h result s in b r ing in g abou t c i rcu la t io n in a 
c losed sys tem , Fig . 2a . N o t e tha t c i rcu la t io n require s a mix tu r e of f lu i d an d 
gas , t o pum p th e l iqu i d aroun d th e system . Anothe r  g iven exampl e is whe n 
severa l med ium s wi t h d i f f e r e n t bo i l in g point s ar e combine d in a mixture . Thi s 
reac t io n ca n b e f o u n d in coo l in g sys tem s l ik e th e absorpt io n refr igerator , th e 
a i r - l i f t pum p or  Mammu t pump , Fig . 2b . 

C H O S E N SYSTE M 

Figur e 2c i l lus t ra te s a sys te m wher e wate r  an d wate r  vapou r  ar e used . Th e 
pumpin g capac i t y of th e vapou r  l i f t pump , Fig . 3, ha s bee n measured . Th e 
vapou r  f ro m th e sola r  col lec to r  is connec t e d wi t h a pip e t o th e mai n f low of 
th e sola r  co l lec to r  sys tem . Vapou r  bubble s wi l l g radua l l y condens e in th e l iquid . 
Th e bubble s an d l iqu i d wi l l fo r m a mix tur e w i t h a cer ta i n void . Th e mixtur e 
ha s a lower  dens i ty , w h i c h compensa te s for  th e dens i t y d i f f e r e n c e be twee n th e 
tw o l iqu i d co lumns , du e t o th e tempera tur e d i f f e r e n c e whe n th e warme r  wate r 
s tay s in th e accumula to r , an d part l y for  th e pressur e d i f f e r e n c e s w h i c h occur s 
wi t h th e f low. 

Fig . 3. Syste m wi t h a pum p (1), a s tea m genera t in g sola r  col lecto r  (2), 
a hea t in g sola r  col lecto r  (3) an d a storag e tan k (4). 

M E A S U R E M E N T P R O C E D U R E S 

Fo r  th e purpos e of t ak in g measurement s a tes t ri g wa s ins ta l led . An immers io n 
heate r  genera te d th e vapour , w h i c h als o preheate d th e f lu i d in th e vapour- l i f t 
pump' s inlet . Th i s enab le d th e measur in g of th e f l ow an d th e pum p heigh t 
d e p e n d i n g upo n th e amoun t of vapou r  produced . As wel l a s measur in g th e inle t 
t empera tur e respec t ive l y a t th e chok e f l ange , l i qu id - typ e pressur e gaug e an d a t 
th e the rmoelement . Fou r  d i f f e r e n t pip e d iameters , 6, 10, 16 an d 22m m wer e 
use d for  th e measurements . 
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RESULTS 

The  mas s  flo w an d pumpheigh t  ( = pum p work )  fo r  differen t  temperature s  o n 
incomin g liqui d se e  Fig .  4 .  Th e  pumpin g wor k Ñ =  qAp/n ca n b e  writte n a s  Ñ 
= CO5. 

Powe r fro m pump , 

• d  = 10 m m 

ï  d  = 2 2 m m 

Pi = 10 0 W 

50 80 10 0 

Temperatur e  inlet , 0j , °C 

Fig .  4 .  Performe d pumpin g effec t  wit h differen t  temperature s  fo r  th e 
incomin g fluid . 

It  i s  assumed ,  tha t  ther e  i s  a  connectio n betwee n th e  lif e  expectanc y o f  a 
vapou r  bubbl e  an d th e  flow ,  fo r  exampl e  Rayleig h (1917) .  Forcheut z  e t  a l 
(1965 )  als o note d th e  hea t  transfer .  I n  thi s  cas e  th e  hea t  transfe r  betwee n th e 
vapou r  an d th e  liqui d i s  don e  ove r  a  cylindrica l  boundar y cut ,  instea d o f  a 
spherica l  cut .  Mor e  detaile d studie s  o f  thi s  shoul d b e  undertaken .  Fo r 
differen t  flow s  ther e  wil l  als o b e  differen t  dynami c  losses .  Th e  result s  hav e 
bee n simplifie d accordin g t o  th e  measurement s  taken . 

EFFICIENC Y 

A pum p wa s  installe d i n  th e  system ,  t o  measur e  th e  efficiency .  Thi s  wa s 
achieve d b y estimatin g th e  flow s  fo r  differen t  insolations ,  se e  Fig .  5 ,  an d b y 
comparin g a  vapour-lif t  collecto r  wit h a  conventiona l  sola r  collector .  Th e  latte r 
was  assume d t o  hav e  a  slightl y  lowe r  hea t  los s  e.g .  wa s  provide d wit h thre e  a 
glas s  cover . 

The  operatin g tim e  i s  les s  tha n fo r  a  standar d sola r  collector .  Thi s  wa s 
determine d whe n stea m generatio n occurred ,  i.e .  whic h insolatio n correspond s  t o 
th e  los s  i n  th e  collector . 
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A fundamenta l  propert y i n  thi s  cas e  stud y i s  tha t  onl y relativel y hig h wate r 
temperature s  (85°C-95°C )  i s  achieve d a t  th e  outlet ,  se e  Fig .  6 . 

Temperatur e  o f produce d  water , 9U.° C 

^ 'norma l syste m 

inle t 

0 50 0 100 0 

Insolatio n I, W, m 2 

Fig .  5. Th e  system s  discharg e  temperatur e  wit h differen t  insolation ,  a 
i s  th e  are a  o f  vapour-lif t  sola r  collecto r  t o  tota l  are a  o f  a 
sola r  collector . 

Efficiency , ç , % 
100 ô 

50 0 100 0 

Insolatio n I, W, m 2 

Fig .  6 .  Efficienc y o f  th e  tw o system s  dependin g o n th e  differen t 
level s  o f  insolation ,  a  i s  th e  are a  o f  vapour-lif t  sola r 
collecto r  t o  tota l  are a  o f  a  sola r  collector . 
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C O N C L U S I O NS 

Comparin g a  vapour-lif t  p u m p wit h a  conventiona l  system : 
ï  Highe r  wate r  temperature s  (85°C-95°C )  result s  i n  4 0 % reductio n i n  volum e 

fo r  accumulators . 
ï  Betwee n 1 0 % an d 1 6 % reductio n o f  yiel d durin g longe r  period s  th e  are a  o f 

th e  collecto r  mus t  b e  increased , 
ï  Highe r  investmen t  cost s  fo r  component s  i n  sola r  collector s  usin g vapour , 
ï  Lowe r  investmen t  expenditure s  fo r  pump s  an d regulatin g equipment ,  n o 

nee d fo r  electrica l  installation . 

Th e  benefit s  wit h self-circulatin g system s  wher e  th e  storag e  tan k ha s  bee n 
locate d o n to p o f  th e  sola r  collecto r  (circulatin g p u m p no t  included )  ar e  many . 
Th e  hea t  losse s  du e  t o  exposur e  (compar e  wit h a  storag e  tan k i n  a  close d room ) 
ca n b e  ignored .  Constructio n cost s  ar e  lower .  Th e  operatin g lif e  o f  th e 
equipmen t  i s  longer . 

A summarize d compariso n i s  show n i n Tabl e  1 .  W e  assum e  a  syste m wit h a 
5sqm sola r  collecto r  costin g a  tota l  o f  22,00 0 S E K ,  includin g V A T (valu e  adde d 
tax) ,  labou r  etc .  Th e  saving s  shoul d com e  t o (no t  includin g th e  smalle r  buildin g 
volume )  abou t  8% . 

Tabl e  1 .  Consequence s  an d cost s  whe n a  standar d circulatio n p u m p i s 
replace d wit h a  vapour-lif t  pump . 

Pa  r  am e  t  e  r  s Co s  t  A n a  1 y s  i  s 
% S E K 

L a r g e r  so la r  c o l l e c t i n g a re a  du e 

t o  lowe r  e f f i c i e n c y 8. 0 1,70 0 

B e t t e r  i n s u l a t i n g o f  th e  s t e a m 

g e n e r a t i n g s e c t i o n s  4. 0 8 0 0 

P i p i n g fo r  th e  v a p o u r - l i f t  p u m p 0. 5 10 0 

E l i m i n a t i o n o f  th e  e l e c t r i c a l 

c i r c u l a t i o n p u m p - 6 . 0 - 1 , 4 0 0 

R e d u c t i o n fo r  th e  a re a  o f  s t o r a g e  tan k - 5 . 0 - 1 , 2 0 0 

E l e c t r i c i t y  fo r  o p e r a t i n g cos t s 

s a v i n g s  ove r  a  1 5 yea r  t im e  p e r i o d - 8 . 0 -  2 5 0 

T o t a l  - 8 . 0  - 1 , 6 5 0 
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THE EFFECT S UF SUPERCOULIN G OF STEAM ON UNIFLOW STEAM ENGINE 
THERMAL EFFICIENC Y IN SOLAR THERMAL POWER STATIONS 

D R , B . G H A S S E M I * 

A s s i s t a n t  P r o f e s s o r ,  S c i e n c e  D e p a r t m e n t 

U n i v e r s i t y  o f  I S F A H A N 

IRA N 

A B S T R A CT 

Th e  therma l  efficienc y o f  uniflo w stea m engine s  a s  employe d i n  sola r  therma l 

powe r  station s  i s  reexamine d wit h allowanc e  mad e  fo r  supercoolin g o f  th e 

expandin g stea m b y solvin g th e  flo w equation s  combine d wit h nucleatio n 

theory .  Th e  result s  ar e  i n  goo d agreemen t  wit h experimenta l  measurements . 

I t  i s  show n tha t  al l  previou s  unsuccessfu l  attempt s  i n  calculatin g th e  ther -

mal  efficienc y (whic h wa s  alway s  lowe r  tha n th e  measure d values )  ca n b e 

attribute d t o  th e  neglecte d effect s  o f  supercoolin g o f  th e  stea m durin g th e 

cours e  o f  expansion .  Thi s  stud y suggest s  possibl e  improvement s  t o  achiev e 

highe r  performanc e  i n  stea m engines ,  wit h consequen t  increas e  i n  cos t  effec -

tivenes s  o n sola r  an d othe r  applications . 

1  -  INTRODUCTIO N 

Thi s  pape r  describ s  th e  effect s  o f  th e  supercoolin g o f  th e  stea m o n th e 

therma l  efficienc y o f  th e  thre e  cylinder s  uniflo w stea m engin e  develope d a t 

th e  Energ y Researc h centr e  o f  th e  Astralia n Nationa l  Universit y  an d employe d 

a t  th e  whit e  cliff s  (Australia )  sola r  therma l  powe r  station(l) .  Engin e 

configuaratio n i s  show n i n Figur e  1 

Th e  therma l  efficienc y o f  th e  engin e  (th e  rati o  o f  th e  hea t  inpu t  t o  th e 

wor k output )  i s  mainl y depend s  o n th e  thermodynamic s  state s  o f  stea m durin g 

th e  expansio n an d compressio n stroke s  i n  th e  cylinders .  Th e  previou s 
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attempt s  i n  calculatin g th e  efficienc y wa s  base d o n th e  assumption ,  that , 

th e  stea m remain s  i n  equilibriu m states(2 )  an d th e  require d dat a  belo w th e 

saturatio n lin e  ar e  als o obtaine d fro m th e  stea m table . 

A compariso n betwee n th e  summar y o f  th e  result s  obtaine d b y thi s  metho d an d 

th e  measure d efficienc y a t  differen t  inle t  conditio n i s  show n i n tabl e  1 . 

Th e  interestin g point ,  i s  that ,  th e  measure d efficienc y i s  highe r  tha n th e 

culculate d one . 

2  S U P E R C O O L I N G O F TH E STEA M I N STEA M E N G I N E 

Th e  detail s  o f  th e  nucleatio n theor y an d it s  application s  t o  th e  flo w o f  th e 

expandin g stea m hav e  alread y bee n discusse d b y numerou s  investigator s  (3) , 

(4 )  an d i t  i s  beyon d th e  scop e  o f  th e  presen t  pape r  t o  revie w them .  Dispit e 

th e  vas t  amoun t  o f  informatio n exist s  i n  literatur e  fo r  supercoolin g an d 

thermo-flui d propertie s  o f  th e  stea m i n stea m turbine s  (5) ,  (6) ,  fe w attempt s 

ar e  mad e  t o  stud y th e  behaviou r  o f  stea m durin g it s  expansio n i n  stea m 

engin e  ( 7 ) , (8) .  I n  thi s  paper ,  th e  thermo-flui d propertie s  o f  supercoole d 

stea m obtaine d b y applyin g th e  combinatio n o f  th e  nucleatio n theor y t o  th e 

flo w o f  th e  expandin g stea m i n stea m engine .  Figur e  2  show s  a  summar y o f 

th e  variatio n o f  th e  thermo-flui d propertie s  o f  stea m durin g th e  expansio n 

i n  stea m engine .  I t  reveals ,  stea m attaine s  a  maximu m o f  supercoolin g 

Ts-T=2 8 ° C an d the n revert s  t o  nea r  th e  equilibrium .  Figur e  3  show s  a  com -

p a r i s o n betwee n th e  thermodynamic s  propertie s  o f  supercoole d stea m wit h th e 

dat a  obtaine d fro m th e  stea m table .  Figur e  4  als o show s  th e  experimenta l 

record s  o f  th e  variatio n o f  pressur e  insid e  th e  cylinde r  obtaine d b y dynamic s 

pressur e  transduce r  (2) .  Th e  hump s  o n th e  expansio n lin e  coul d b e  du e  t o 

th e  condensatio n shock .  Considerin g th e  existanc e  o f  supercoolin g i n 

expandin g stea m i n stea m engine ,  th e  discrapancie s  betwee n th e  measure d an d 

calculate d efficienc y ca n b e  attribute d t o  thi s  neglecte d effects . 

3  R E S U L T S AN D C O N C L U S I O N 

Sinc e  th e  locatio n o f  th e  maximu m degre e  o f  supercoolin g (T g -  T )  an d super -

saturatio n rati o  P/P s i s  mainl y depend s  o n th e  tim e  rat e  o f  th e  expansio n o f 

th e  stea m (P°= ^  g £ )  a  supercoole d stea m tabl e  wit h th e  Ñ*ú í  50 0 S ' 1 prepare d 

b y solvin g th e  flo w equation s  combine d wit h th e  nucleatio n theor y (9 )  an d 

use d instea d o f  ordinar y stea m tabl e  i n  obtainin g th e  require d stea m dat a 
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Stea m hol e 

Stea m chambe r 

Exhaus t  port s 

exhaus t  plenu m 

Bor e  98.4m m 
Strok e  114.3m m 
No.  o f  Cylinder s  3 
Maximu m Stea m Pressur e  7 0 kg/c m (abs )  (6.9MPa ) 
Maximu m Stea m Temperatur e  45 0 C 
Condense r  Pressur e  0.2 S kg/c m (abs )  (24.5KPa ) 
Expansio n Rati o  (Adustabl e  1.2 5 (used ) 

Figur e  2 :  Engin e  configuratio n 

belo w th e  saturatio n line .  Th e  calculate d efficienc y i s  presente d i n  tabl e 

1  whic h i s  i n  goo d agreemen t  wit h th e  measure d value .  Thi s  stud y reveals , 

that ,  th e  thermodynamic s  state s  o f  th e  stea m durin g th e  expansio n deviate s 

fro m th e  equilibriu m states .  Thi s  fac t  ha s  t o  b e  considere d i n  futur e  desig n 

i n  orde r  t o  improv e  th e  lo w performanc e  o f  th e  engin e  employe d i s  sola r 

therma l  plant . 
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TABLE 1 ,  Compariso n betwee n th e  measure d an d calculate d efficianc y 

Inle t  P(kPa) ,  Ô  o C 4824,37 5 4825,36 2 4686,39 4 4548,38 0 4790,41 6 

Measure d eff . 14. 7 14. 6 14. 4 14. 3 15. 1 

Calculate d efficinc y withou t  considerin g th e  supercoolin g 

13. 8 13. 9 13. 7 12. 6 14. 7 

Calculate d efficinc y includin g th e  supercoolin g effect s 

14. 8 14. 7 14. 6 14. 5 |  15. 2 
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Figur e  2 :  Variatio n o f  th e  thermo-flui d propertie s  o f  stea m 
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Figur e  3 :  Compariso n betwee n th e  thermodynamic s  propertie s  o f  supercoole d stea m wit h dat a  o f  stea m tabl e 

Figur e  4 : Experimenta l  Record s  o f  variatio n o f  pressur e  insid e  th e  cylinders . 
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ABSTRACT 

Thi s  pape r  ha s  researche d o n optimu m matchin g o f  collector s  i n  th e  CP C sola r  energ y 
media n temperatur e  wate r  heatin g syste m whic h consist s  o f  flat-plat e  sola r  collector s 
an d CP C sola r  collectors ,  base d o n th e  theorie s  an d method s  o f  syste m engineering .  Th e 
transien t  performanc e  o f  optimize d syste m ha s  als o bee n simulated.Th e  Compariso n betwee n 
simulate d result s  o f  unoptimize d syste m an d tha t  o f  optimize d one s  show s  tha t  th e 
matchin g o f  al l  kind s  o f  collector s  i n  th e  optimize d syste m i s  mor e  reasonable ,  th e  are a 
o f  collector s  i s  decrease d an d th e  performanc e  o f  syste m i s  improve d t o  som e  exten t  too . 

1.  INTRODUCTIO N 
To prov e  th e  practica l  possibilit y  an d applicatio n valu e  o f  usin g th e  ne w CP C sola r 

collecto r  syste m t o suppl y ho t  wate r  o f  15 0 t: ,  w e  develope d a  CP C sola r  energ y media n 
temperatur e  wate r  heatin g open-loo p syste m i n  1 9 8 3 — 1 9 8 6 ,  whic h consist s  o f  single -
glaze d an d double-glaze d flat-plat e  collectors ,  CP C evacuate d tube-hea t  pip e  collectors , 
a  pum p an d a  numbe r  o f  pipe s  i n  serie s  (Fig. l) .  Ther e  ar e  no t  storag e  an d  auxiliar y 
energ y heater s  i n  th e  system .  Th e  matchin g o f  th e  thre e  kind s  o f  collector s  wa s  no t 
optimized .  Besides ,  t o  mak e  sur e  tha t  th e  CP C collecto r  worke d ove r  7 0 t :  an d t o  reduc e 
cost ,  th e  are a  o f  flat-plat e  collecto r  arra y wa s  increased .  Therefor e  th e  are a  o f  flat -
plat e  collecto r  arra y wa s  somewha t  large ,  an d it s  temperatur e  incremen t  wa s  overhigh , 
th e  are a  o f  CP C collecto r  arra y wa s  small ,  an d it s  temperatur e  incremen t  wa s  low .  Thus , 

FiM I k J i a f N M o f CFC s o l v tn t r n miiia  ttrttnlwn 
vate r  he*til l tes t sVstin 
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Fif.2 Sinfle-flaxeJ flat f i f .3 *ml)*-flax«| tUt Fif. 4  CPC evacuitrJ tule-
-FUtt collector >Ut t collector j** t Pipe collector 

2.MATCHING OPTIMIZATIO N MODEL O F COLLECTORS 
2(a )  Desig n characteristic s  o f  th e  syste m 

Th e  optimizatio n researc h o f  syste m i s  a  wa y whic h make s  th e  desig n o f  syste m mor e 
perfectly .  I n  th e  desig n o f  sola r  energ y system ,  afte r  th e  type s  o f  collector s  ar e 
determined ,  th e  optimizatio n o f  syste m i s  onl y achieve d b y choosin g reasonabl y area s  o f 
variou s  collector s  an d thei r  connectin g ways .  Thi s  i s  a  questio n abou t  th e  optimu m 
matchin g o f  collecto r  parameter s  i t  belong s  t o  th e  questio n o f  stati c  optimizatio n 
question . 

Th e  desig n characteristic s  o f  th e  CP C sola r  energ y media n temperatur e  hea t ing .  wate r 
syste m i s  show n a s  follows -

(1 )  Hea t  load :  A t  th e  averag e  irradianc e  o f  814. 4 V/nf ,  th e  syste m ca n suppl y ho t 
wate r  o f  approximatel y 15 0 an d 5 0 kg/hr . 

(2 )  Thi s  sola r  energ y wate r  heatin g use s  th e  single-glaze d an d double-glaze d flat -
plat e  collectors ,  an d th e  CP C evacuate d tube-hea t  pip e  collectors .  Thei r  constructio n 
an d type s  hav e  bee n fixed . 
2(b )  Hypothese s  o f  optimizatio n 

(1 )  D o no t  conside r  th e  effec t  o f  hea t  capacit y o f  th e  system ,  bu t  conside r  th e 
syste m t o b e  a t  stati c  stat e  o r  warran t  stati c  s tate . 

(2 )  Mas s  flo w rat e  i n  th e  syste m i s  kep t  constant . 
(3 )  Irradiance ,  ambien t  temperatur e  an d win d spee d tak e  thei r  annua l  averag e  values . 
(4 )  Al l  energ y collecte d b y th e  syste m ma y b e  effectivel y utilized .  TTier e  i s  n o 

questio n abou t  dischargin g exces s  energy . 
(5 )  Th e  collecto r  overal l  hea t  los s  coefficien t  an d  effectiv e  transmittance -

absorptanc e  produc t  ar e  modifie d b y th e  hea t  los s  o f  inle t  an d outle t  duct s  o f  collector . 
2(c )  Mathematica l  mode l  o f  matchin g optimizatio n o f  collector s 
(1 )  Determinatio n o f  variable s 

Th e  syste m ha s  bee n desig n t o  us e  thre e  type s  o f  collectors .  Th e  purpos e  o f  syste m 
optimizatio n i s  t o  determin e  number s  o f  thre e  type s  o f  collector s  an d thei r  connectin g 
ways .  Here ,  w e  choos e  si x  optimizin g variables :  N1,N2,N 3 ar e  number s  o f  single-glaze d 
flat-plat e  collectors ,  double-glaze d flat-plat e  collector s  an d CP C evacuate d tube-hea t 

al l  collector s  di d  no t  operate d a t  thei r  optimu m temperatur e  range .  Th e  outle t 
temperatur e  o f  flat-pla t  collecto r  arra y wa s  ofte n ove r  10 0 t: ,  s o  th e  hea t  los s 
increase d greatly ,  th e  efficienc y decrease d rapidly ,  an d the n th e  temperatur e  incremen t 
o f  CP C collecto r  arra y wa s  reduced ,  th e  advantag e  o f  CP C media n temperatur e  collecto r 
wa s  no t  show n fully . 

Here ,  w e  introduc e  th e  optimu m matchin g metho d o f  th e  thre e  differen t  kind s  o f 
collector s  mentione d abov e  a n d t h e  simulatio n result s  o f  th e  optimize d system .  Th e 
compariso n betwee n th e  simulatio n result s  o f  unoptimize d syste m an d tha t  o f  optimize d 
syste m show s  tha t  afte r  th e  syste m ha s  bee n optimized ,  th e  matchin g o f  th e  collector s 
i s  mor e  reasonabl e  an d cheaper ,  an d th e  performanc e  o f  syste m i s  improved . 
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pip e  collector s  i n  serie s  respectively ,  M1,H2,M 3 ar e  number s  o f  single-glaze d flat-plat e 
collectors ,  double-glaze d flat-plat e  collector s  an d CP C evacuate d tube-hea t  pip e 
collector s  i n  paralle l  respectively .  The  determinin g o f  th e  optimizin g parameter s  o f  CP C 
collector s  tak e  a  CP C troug h a s  on e  unit . 
(2 )  Restrain t  condition s 

I n th e  syste m whic h consist s  o f  thre e  collecto r  array s  connecte d i n  series ,  th e 
outle t  wate r  temperatur e  o f  fron t  arra y i s  equa l  t o  th e  inle t  wate r  temperatur e  o f  bac k 
array .  Base d o n th e  usefu l  energ y gai n o f  collecto r 

Qu =  A  F R [ ( t o t )  I  - U L (Tf i  -  T W ] ,  â (1 ) 
th e  equivalen t  characteristic s  o f  Ç  row s  o f  Í  collector s  connecte d i n  serie s  [1 ]  an d th e 
requirement s  o f  syste m design ,  w e  ca n deriv e  th e  followin g restrian t  condit ion s  afte r 
considerin g th e  modifyin g o f  hea t  los s  o f  inle t  an d outle t  duct s  o f  collecto r  t o  it s 
usefu l  energ y g a i n [ 2 ] : 

1 )  Th e  usefu l  overal l  energ y gai n o f  th e  syste m mus t  b e  large r  than ,  o r  equa l  to,th e 
energ y supplie d b y th e  system ,  i.e. , 

Out  >  7397.99 3 W, o r 
G(l )  =  7397.99 3 -  Ou t 

= 7397.99 3 - Ó *  CP [ ( t «  ) j '  I  -  U L j '  (Tfi j  -  Tb) ]  0 -  [ 1  -  M j  A j  FR j 
ULJ7(ri i  CP)] * } /  U L j '  <  0, (j=l,2,3 )  (2 ) 

wher e  ("£<* )  J ' , U L j \ F R j  ar e  th e  modifie d peformanc e  parameter s  o f  firs t  collecto r  i n  j 
array . 

2 )  T o giv e  ful l  pla y t o  goo d media n temperatur e  performanc e  o f  CP C collectors ,  th e 
outle t  wate r  temperatur e  o f  secon d flat-plat e  collecto r  arra y (  i.e. ,  th e  inle t  wate r 
temperatur e  o f  CP C collecto r  arra y )  shoul d b e  large r  than ,  o r  equa l  to ,  7 0 t :  i n  th e 
serie s  system ,  i.e. , 

Tf i  >  343.1 5 K ,  o r 
G(2 )  =  343.1 5 -  TfÚ 2 -  [ ( × 0 ( ) 2 '  I  -  UL2 '  (Tfi 2 -  Tb) ]  { 1 -  [ 1  -  M 2 Ë 2 FR 2 

U L 2 7 ( * C P) ] Ni } /  UL2 '  <  0 .  (3 ) 
3 )  Hi e  outle t  wate r  temperatur e  o f  th e  syste m (i.e. ,  th e  outle t  wate r  temperatur e  o f 

CPC collecto r  arra y )  mus t  b e  large r  than ,  o r  equa l  to ,  15 0 t: ,  i.e. , 
TO >  423.1 5 K ,  o r 
G O)  =  423.1 5 -  Tf i 3 -  [ ( * « )3 '  I  -  UL3 '  ( Ô Ð 3 -  Tb) ]  { 1 -  [ 1  -  M 3 A 3 FR 3 

UL3'/(ri i  C p ) f 5 } /  UL3 '  <  0. (4 ) 
4 )  Thro e  differen t  type s  o f  sola r  energ y collector s  mus t  b e  use d i n  th e  system .  I n 

othe r  words ,  th e  scrie s  numbe r  o f  eac h typ e  o f  collector s  mus t  b e  large r  than ,  o r  equa l 
to ,  1 ,  i.e. , 

Hi  >  1  an d N j  >  1 ,  o r 
G(4 )  =  1  -  Ml  <  0 ,  (5 ) 
G(5 )  =  1  -  H I  <  0 ,  (6 ) 
G(6 )  =  1  -  M 2 <  0 ,  (7 ) 
G(7 )  =  1  -  N 2 <  0 ,  (8 ) 
G(8 )  =  1  -  M 3 <  0 ,  (9 ) 
G(9 )  =  1  -  N 3 <  0 .  (10 ) 

Sinc e  th e  performanc e  parameter s  o f  collector s  ( t «  ) j ' ,  U L j ' ,  F R j ,  an d Ô Ð 2 ,  Ô Ð 3 , 
TO chang e  wit h serie s  an d paralle l  number s  o f  variou s  collectors ,  th e  performanc e 
parameter s  o f  collector s  shoul d b e  repeatedl y calculate d accordin g t o  differen t  M j  an d 
Hj  (j=l ,  2 ,  3 ) .  The n th e  obtaine d result s  ar c  introduce d int o restrain t  equations .  S o 
lon g a s  optimizin g variable s  M j  an d H j  (j=l ,  2 ,  3 )  chang e  once ,  a  ne w se t  o f  performanc e 
parameter s  wil l  occure .  Becaus e  th e  se t  o f  energ y balanc e  differentia l  equation s  o f 
collecto r  i s  nonlinear ,  th e  imitativ e  Hewto n metho d i s  use d i n  findin g performanc e 
parameter s  o f  col lectors[3-6] . 
(3 )  Mode l  o f  objectiv e  functio n 

Th e  are a  matchin g optimizatio n o f  collector s  i n  th e  syste m i s  t o  determin e 
reasonabl y area s  an d connectin g way s  o f  collector s  unde r  th e  conditio n o f  meetin g th e 
requirement s  o f  syste m desig n an d t o  mak e  syste m hav e  th e  leas t  collecto r  area,therefor e 
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decreasin g th e  cos t  o f  syste m an d increasin g th e  efficienc y o f  system . 
Th e  minimu m sur a  o f  a rea s  o f  variou s  collector s  i s  jus t  th e  objectiv e  functio n o f 

syste m optimization,i.e. , 
f  =  Ë 1 Ml  N l  « •  A 2 M 2 H 2 •  A 3 H 3 N 3 

= Ó  A j  M j  H j ,  j=l ,2 ,3 .  (11 ) 
Afte r  th e  optimizin g variable s  H j  an d N j  (  j=l ,  2 ,  3 )  ar e  replace d b y X(k ) 

(  k=l ,  2 ,  6 ) ,  th e  objectiv e  functio n mode l  ma y becom e 
f(X )  =  A l  X(l )  X(2 )  +  A 2 X(3 )  X(4 )  +  A 3 X(5 )  X ( 6 ) .  (12 ) 

To su m up,th e  mathematica l  mode l  o f  collecto r  matchin g optimizatio n i s 
mi n f  (X )  =  A l  X(l )  X(2 )  •  A 2 X(3 )  X(4 )  •  A 3 X(5 )  X(6 ) 
Restrain t  condit ion s  G(i )  =  Fi(X )  <  0  (i=l,2,...,9 ) 

X 6  E \  (13 ) 

3 .  SOLUTIO N O F OPTIMIZATIO N MODEL AN D CALCULATION PROGRAMME 
I t  i s  see n fro m obtaine d mode l  tha t  object iv e  functio n an d restrain t  condition s  ar e 

nonlinea r  an d thi s  i s  a n optimizatio n questio n unde r  th e  unequa l  equatio n restrain t 
conditions .  On e  ca n us e  onl y th e  optimizin g numerica l  solutio n o f  unequa l  equatio n 
restrain t  t o  solv e  th e  question .  Th e  optimizin g solution s  o f  th e  kin d a r e  muc h mor e  an d 
we  choos e  th e  penalt y  functio n interio r  poin t  metho d i n  indirec t  solutio n methods .  I t  i s 
on e  numerica l  solutio n metho d o f  nonlinea r  programmin g question s  whic h i s  use d mos t 
extensively . 

Applyin g th e  penalt y  functio n interio r  poin t  metho d o n th e  optimizin g calculatio n 
o f  th e  system ,  w e  programe d th e  calculatio n programm e  OPTIU M o f  collecto r  matchin g 
optimizatio n i n  th e  system .  Thi s  programm e  contain s  a n "executive "  progra m an d a  mai n 
progra m an d 2 5 subroutines . 

Afte r  runnin g th e  programm e  o n a n IBM-P C microcomputer ,  th e  obtaine d optima l  result s 
ar e  show n i n Tabl e  1 . 

Till* 1. lesults of collector lutckinf ePtinizatlon in s!lste« 

I  """" "  • — ^ ^ P a r a n e tors 
1 ISPe of collectors 

1 

Serise 1 Parallel 
Danke r  I  MM&er 

Ô é 
1 I r ra ! area 1 Outlet Mate r  te*?*-
1 (ê*) Irature of arras(X) 

ô  1 1 ñ 
I  Ð !  Ill '  I  ( ô « ) ! 
t i l l 

j  j  { | — -=*H 
1 Sinfle-flazeJ flat-Plate collectors 

2 2 1 (.24 1 
1 f 

54-57 10.5818! 10.413 1  0.7443 1 

4 - j  1 Ç j — 
1 fcthle-f laze* flat-Plate collectors 

2 2 1  (.24 1 
j  j 

78.07 ! 0-6653 ! 7-4X12 1 0-7738 I 
4 ~ — 4 1——é |  1 

1 CPC evacuate* tu ie-hea t r i t e collectors 11 2 
I 

15. Ì  (12.30 1 
J 1 

150.55 1 0.532 10.52281 1 
1  - 1  é 1 

(Notes: The la ta U the hrackets is the sun of aPoraturo areas o.f CPC collectors.Ihe heat loss of iftlet ani outlet iucts 
•f collectors i s counted into the Performance Parameters of collectors) 

•ft»f/<-t/»W //«*> 

OQD3 

ô Wtit 

I i 9 . 5 The i i U r » of oPtinizeJ sllsteii. 



t (standard1 tine in B*jin9»in hr) 
FiSf.l Efficiency curves of sSsten. Ð and 1 · aw respective^ the 

simulation result and the test result af unoPtimzed sytten* 
and Ð" is the simulation result of oPtinized sSsten. 
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t (Standard t i l* in BeJinJ.in hr) 
ÃÀ3.ä DisturkinJ function curves of silstem. Dotted lines represent the 

test results and m l lines represent the simulation results* 

t (standard tine in BeiinJ.in hr) 
ft*.? Outlet Mter teaPerature of s i s t e r tO and tO' are respectively 

sinulation result and test result of unoitinixed s'Jsteni tO" 
is the sinulation result of oPtixized susten-
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4 .  SIMULATIO N O F OPTIMIZE D SYSTE M AN D COMPARISON BETWEEN PERFORMANCE 
OF OPTIMIZE D SYSTE M AN D THA T O F UNOPTIMIZE D SYSTE M 

Fo r  th e  convenienc e  o f  makin g a  compariso n betwee n unoptimize d syste m an d optimize d 
system ,  th e  performanc e  o f  optimize d syste m i n Fig. 5 ha s  bee n simulated .  Simulatio n 
hypothese s  ar e  presente d a s  fo l lows : 

(1 )  Th e  mas s  flo w rate s  ar e  equa l  i n  tw o paralle l  branc h lines . 
(2 )  I n  th e  paralle l  branc h lines ,  th e  constructio n characteristic s  an d performanc e 

o f  correspondin g sam e  type s  o f  collector s  a r e  th e  same ,  an d inle t  an d outle t  wate r 
temperature s  o f  thei r  ar e  equal . 

The  metho d wit h whic h t o  establis h th e  simulatio n mode l  o f  optimize d syste m i s  th e 
sam e  a s  unoptimize d one .  Disturbin g function s  o f  simulation ,  construction s  o f  collector s 
an d connectin g pipe s  ar e  sam e  a s  tha t  o f  unoptimize d system .  Comparin g th e  simulatio n 
result s  o f  unoptimize d syste m wit h tha t  o f  optimize d system ,  i t  ma y b e  foun d tha t 

(1 )  Th e  are a  o f  flat-plat e  collector s  afte r  optimize d i s  decrease d b y 3.1 2 m * .  Th e 
are a  decremen t  i s  abou t  10. 6 % o f  origina l  area . 

(2 )  Althoug h th e  collecto r  are a  o f  optimize d syste m i s  decreased ,  th e  outle t  wate r 
temperatur e  o f  syste m i s  increase d b y approximatel y 3  £  o n th e  contrary .  Thi s  i s 
primaril y  becaus e  th e  overal l  temperatur e  incremen t  o f  flat-plat e  collector s  i s 
decrease d an d thei r  hea t  los s  i s  reduce d too .  Besides ,  th e  temperatur e  incremen t  o f  CP C 
collector s  i s  increase d an d thei r  media n temperatur e  potentialit y  i s  full y  brough t  out . 
Thi s  ca n b e  see n i n  Fig .7 . 

(3 )  Th e  efficienc y o f  optimize d syste m i s  increase d b y approximatel y 1 0 % .  Se e 
Fig.8 .  Thi s  show s  full y  th e  effec t  o f  collecto r  matchin g optimization .  A s  th e  are a  o f 
flat-plat e  collector s  i s  decreased ,  som e  o f  thei r  hea t  loa d i s  transfere d t o  CP C 
collector s  wit h goo d media n temperatur e  performance .  Th e  hea t  los s  o f  syste m i s  reduce d 
an d it s  usefu l  energ y gai n i s  increased ,  an d th e  performanc e  o f  syste m i s  improve d t o 
som e  exten t  too . 

4 .  CONCLUSIONS 
I n orde r  t o  mak e  th e  are a  o f  th e  collector s  i n  th e  CP C sola r  energ y media n 

temperatur e  wate r  heatin g syste m minimum ,  w e  ge t  th e  matchin g parameter s  o f  thre e  type s 
o f  co l  lectors,tha t  is ,  th e  parameter s  o f  th e  collector s  i n  ser ie s  an d i n  paralle l  i n  th e 
conditio n o f  th e  usefu l  overal l  energ y gai n an d th e  require d outle t  wate r  temperatur e 
i n  th e  system .  Considerin g tha t  th e  performanc e  parameter s  o f  collector s  ar e  th e 
function s  o f  temperature ,  the y ar e  regarde d a s  th e  function s  o f  th e  number s  o f 
collector s  i n  serie s  an d i n  paralle l  i n  thi s  model . 

Th e  compariso n betwee n th e  simulatio n result s  o f  unoptimize d syste m an d tha t  o f 
optimize d syste m show s  tha t  i n  th e  optimize d system ,  th e  overal l  are a  o f  collector s  i s 
decreased,th e  outle t  wate r  temperatur e  o f  syste m i s  slightl y  increase d an d th e  transien t 
transien t  efficienc y o f  syste m i s  increase d t o  som e  exten t  too .  Thi s  fac t  show s  tha t 
althoug h th e  construction s  o f  collector s  ar e  no t  changed ,  changin g th e  connectin g way s 
o f  collector s  i n  th e  syste m ca n improve d properl y th e  therma l  performanc e  o f  syste m b y 
th e  collecto r  matchin g optimization .  I t  ma y b e  s c e n f r o n ^  thi s  tha t  th e  optimizatio n 
researc h o f  sola r  energ y syste m ha s  ver y importan t  significanc e  fo r  th e  desig n o f  sola r 
energ y system ,  fe  hav e  mad e  th e  preliminar y discussio n o n th e  collecto r  matchin g 
optimization ,  an d th e  obtaine d metho d ha s  certai n  referenc e  valu e  t o  th e  optimizatio n 
researc h o f  th e  syste m whic h consist s  o f  variou s  type s  o f  collectors . 

5 .  NOMENCLATURE 
A collecto r  are a  (  i n  in 2 ) 
Ai ,  A o surfac e  area s  o f  inle t  an d outle t  duct s  o f  co l  lector,respectivel y (i n  m 2) 
Cp averag e  specifi c  hea t  o f  flui d (i n  J/kg.t: ) 
FR hea t  remova l  facto r 
( t o e )  effectiv e  transmittanee-absorptanc e  produc t  o f  collecto r 
I  irradianc e  arrive d o n tilte d surfac e  o f  collecto r  (  i n  W/m * ) 
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m mas s  flo w ra t e  (i n  kg/s ) 
Out ,  Q u usefu l  energ y gain s  o f  syste m an d co l  lector,respectivel y (i n  tf) 
Ç,  Í  paralle l  numbe r  an d serie s  numbe r  o f  a  typ e  o f  collectors,respectivel y 
t  tim e  (  i n  h r  ) 
Ô temperatur e  (  i n  Ê  ) 
7 efficienc y o f  syste m (  i n  % ) 
UL,  U b hea t  overal l  los s  coefficien t  an d botto m hea t  los s  coefficien t  o f  collector , 

respectivel y (i n  W / V . t : ) 
Ut ,  U e  to p hea t  los s  coefficien t  an d  sid e  hea t  los s  coefficien t  o f  collector , 

respectivel y (i n  W/m'.fc ) 
Footnotes ' 
f  flui d Ñ  absorbe r  o f  flat-plat e  collecto r 
f i  inle t  flui d f o  outle t  flui d 
c  cove r  o f  collecto r 
cl ,  c 2  firs t  cove r  an d  secon d cove r  o f  double-glaze d flat-plat e  collector , 

respectivel y 
j  whe n j  =  1,2,3 ,  i t  represent s  respectivel y th e  single-glaze d flat-plat e 

collecto r  array ,  th e  double-glaze d flat-plat e  collecto r  array ,  an d th e  CP C 
evacuate d t u b e — h e a t  pip e  collecto r  arra y 

k whe n k  =  1 ,  2 ,  ... .  G ,  i t  represent s  respectivel y som e  optimizin g variabl e 

6.  REFERENCES 
[1 ]  Podne y L.Oonk ,  Bruc e  E.Col e  — Appel.Calculatio n o f  performanc e  o f  Í  collector s 

i n  serie s  fro m Los t dat a  o n a  singl e  collector ,  Sola r  Energ y 23 ,  53 5  (1375) . 
[2 ]  Joh n A.Duffie ,  Willia m A.Bookman ,  Sola r  Energ y Therma l  Process ,  '/iley ,  Ne w Yor k 

(1080) . 
[3 ]  P.I.Cooper ,  Th e  effec t  o f inclinatio n o n th e  hea l  los s  fro m flat-plat e  sola r 

collectors ,  Sola r  Energ y 2 7  (1080) . 
[4 ]  S.Shakerin ,  Wind-relate d hea t  transfe r  coefficien t  fo r  flat-plat e  sola r 

collectors ,  Journa l  o f  Sola r  Energ y Engineering ,  Vol.109,10 8 (1987) . 
[5 ^  C.K.Hsiek ,  Therma l  analysi s  o f  CP C collector ,  Sola r  Energ y 27 ,  No. l  (1981) , 
[6 ]  M.J.Carvalho ,  M.Collares-Pereire ,  J.M.Gordon ,  Economi c  optimizatio n o f  stationar y 

nonevacuatio n C P C sola r  collectors ,  Journa l  o f  Sola r  Energ y Engineering ,  Vol.109 , 
4 0 (1987) . 



A STUDY O N SOI L TMPERATURE WHEN MULCHED B Y 
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ABSTRACT 

Thi s  pape r  mainl y deal s  wit h th e  establishmen t  o f  th e  relatio n 
betwee n mulche d soi l  temperatur e  an d sola r  energy ,  s o tha t  w e 
ca n us e  loca l  meteorologica l  dat a  t o  predic t  mulohe d soi l 
temperatur e  a t  a  fixe d time .  Thi s  pape r  als o put s  forwar d a n 
experimenta l  formul a  fo r  calculatin g mulche d soi l  temperature , 
an d experiment s  showe d tha t  th e  agreemen t  betwee n calculate d 
an d observe d soi l  temperature s  i s  roughl y good * 

KEYWORDS 

Plasti c  mulch ;  soi l  physics ;  soi l  hea t  transfer ;  solarization . 

INTRODUCTION 

I n recen t  year s  a  lo t  o f  experiment s  o n plasti c  mulchin g hav e 
bee n don e  al l  ove r  th e  world ,  especiall y  i n  hig h latitut e 
area .  Experiment s  showe d tha t  plasti o  mulchin g ca n increas e 
th e  yield s  o f  fruits ,  vegetable s  an d crops ,  advanc e  harvest . 
I n  Chin a  experiment s  showe d tha t  th e  yiel d o f  cotto n o n plasti c 
mulohe d plot s  wa s  15-50 # highe r  tha n contro l  plots(bar e  soil) # 

Studie s  showe d tha t  plasti c  mulc h ca n rais e  soi l  temperature , 
reduc e  evaporatio n fro m soil ,  increas e  dioxid e  oonoentratio n 
an d nutrient ,  contro l  weeds ,  protec t  plant s  fro m pest s  an d 
reduc e  frui t  rotting ,  Som e  experiment s  als o showe d tha t  plasti c 
mulc h ca n alte r  th e  sal t  conten t  i n  soil .  Tha t  i s  wh y plasti c 
mulc h hav e  goo d effect s  o n plan t  growing.  An d thi s  metho d i s 
especiall y  usefu l  i n  ari d  an d col d areas . 

Plasti c  mulc h ha s  a  clos e  relatio n wit h sola r  energy.  Bu t  a 
brie f  glanc e  a t  th e  availabl e  literatur e  o n plasti o  fil m mulc h 
give s  th e  Impressio n tha t  s o fa r  no t  muo h wor k o n sola r  hea t 
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transfe r  analysi s  ha s  bee n done * An d som e  wor k o n therma l 
performanc e  analysi s  o f  plasti c  soi l  mulc h wil l  b e  usefu l  i n 
thi s  regard . 

The  ai m o f  thi s  stud y i s  t o  establis h th e  relationshi p betwee n 
soi l  temperatur e  an d insolation .  Her e  w e  shoul d se e  tha t  ther e 
ar e  man y othe r  factor s  affectin g soi l  temperature ,  suc h a s 
win d velosity f ambien t  temperature ,  soi l  propert y an d s o on . 
This e  factor s  brin g difficult y  t o  thi s  study . 

THERMAL PERFORMANCE ANALYSI S 

Plasti c  mulc h i s  widel y use d t o  increas e  th e  soi l  temperatur e  i n 
earl y  Spring ,  whe n th e  sola r  radiatio n leve l  ma y stil l  b e  rela -
tivel y low .  Th e  soi l  temperatur e  ca n b e  estimate d b y calculatin g 
a n energ y balanc e  i n  stead y stat e  a t  da y time ,  o r  a n energ y 
balanc e  fo r  a  typica l  da y o f  a  period .  Thi s  wor k ca n b e  don e  b y 
equatin g th e  hea t  gain s  t o  th e  hea t  losse s  a t  th e  equilibriu m 
soi l  temperature . 

Bar e  Soi l 

Sola r  radiatio n receive d b y th e  soi l  surfac e  i s  on e  o f  th e  majo r 
component s  o f  it s  energ y balance .  Par t  o f  th e  radiatio n receive d 
i s  transforme d int o heat ,  whic h warm s  soil ,  plant s  an d atmos -
phere .  An d a  majo r  par t  o f  radiatio n i s  absorbe d a s  laten t  hea t 
i n  th e  twi n processe s  o f  evaporatio n an d transpiratio n 
(Koorevaa r  e t  al. ,  1983) . 

The  soi l  surfac e  als o emit s  radiation ,  an d a t  th e  sam e  tim e  th e 
atmospher e  absorb s  an d emit s  lon g wav e  radiation ,  par t  o f  whic h 
reache s  th e  soi l  surface .  Durin g da y tim e  th e  hea t  exchang e  ma y 
b e  a  smal l  fractio n o f  th e  tota l  radiatio n balance ,  bu t  a t  nigh t 
th e  hea t  exchang e  dominate s  th e  radiatio n balance . 

Fig ,  1·  Th e  diurna l  variatio n o f  energ y i n  soi l 
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Figur e  1 illustrate s  th e  diurna l  variatio n o f  th e  energ y balanc e 
i n  soi l  (Hillel ,  f982) . Fro m thi s  figur e  w e  ca n se e  tha t  durin g 
da y tim e  energ y utilizatio n b y evaporatio n dominate s  radiatio n 
balance .  Experiment s  showe d tha t  th e  pattern s  o f  th e  component s 
of  th e  energ y balanc e  diffe r  fo r  differen t  condition s  o f  soil , 
climat e  an d vegetation . 

Fo r  bar e  soi l  th e  hea t  gain s  ar e  mainl y insolation ,  an d th e  hea t 
losse s  ar e  du e  t o  th e  evaporatio n fro m soi l  surface ,  radiatio n 
wit h surroundings ,  convectio n an d lon g wav e  infrara d radiatio n 
exchang e  betwee n soi l  an d th e  sky .  S o th e  energ y balanc e 
equatio n fo r  bar e  soi l  ca n b e  writte n a s  follows : 

Hex =  LE + hy. (  T 5 -  Ta,  }  +  h c(  T s -  t* }  +  ZR  +  S  (  t  ) 

wher e  Ç  i s  th e  insolatio n valu e  o n horizonta l  surface ;  ok i s  soi l 
absorptivity ;  L E i s  th e  rat e  o f  energ y utilizatio n i n  evapo -
ratio n ( a  produc t  o f  th e  rat e  o f  wate r  evaporatio n Å  an d th e 
laten t  hea t  o f  evaporatio n L) $ hr i s  th e  radiativ e  hea t 
transfe r  coefficient ;  h c i s  th e  connectiv e  hea t  transfe r  coef -
ficient ;  6 i s  th e  soi l  emissivity;  R  i s  th e  lon g wav e  infrare d 
radiation ;  S  i s  th e  rat e  a t  whic h hea t  i s  store d i n  soil ;  T s i s 
th e  soi l  surfac e  temperature ;  T a i s  th e  ambien t  ai r  temperature . 

Ther e  ar e  som e  empirica l  approache s  fo r  calculatin g LE .  Th e 
metho d i n  commo n us e  propose d b y Penma n i s  base d o n combinatio n 
of  energ y balanc e  an d aerodynami c  transpor t  considerations : 

LE =  C )(IUS )  +  ù * / ( Ä / î  •  1 ) ( 2 ) 

wher e  Ä  i s  slop e  o f  saturatio n vapo r  pressur e  curv e  a t  mea n ai r 
temperature ;  æ  i s  paychrometri c  constant ;  k  i s  th e  transfe r 
coefficien t  fo r  wate r  vapor ,  empiracall y te =20+V/5, wher e  V  i s 
th e  mea n win d speed ;  de ,i s  th e  vapo r  coefficien t  deficit,namel y 
(e 5 -  â Ë)  9  wher e  e 5 i s  th e  satuate d vapo r  pressur e  an d e« ,  i s  th e 
actua l  vapo r  pressureiSchwa b â* « 1 - Ã 1981)· 

The  rati o Ä  / î  an d th e  saturate d vapo r  pressur e  a t  differen t 
temperatur e  i s  give n a s  follows : 

IV C O 10 15 20 25 30 35 
* / { 1.23 1.64 2.14 2.78 3.57 4.35 

e s ( m m o f H g )  9.20 12.78 1  7.53 23.75 31.82 42.18 
ejmbar )  12.27 17.04 23.3? 31.67 42.43 56.24 

Radiativ e  hea t  transfe r  coefficien t  hr -  i s  linearize d b y th e 
followin g equation :  h r =  t  <r  (T j  +T i  )lT s + T 4 ) ·  An d he i s 
estimate d t o  b e  5.68+3.78V, wher e  V i s  th e  win d speedlDuffi e 
fiJLJal .f 1980)· R ,  th e  lon g wav e  infrare d radiatio n exchange , 
depend s  o n th e  emissivit y o f  soi l  an d ambien t  weathe r  condition , 
suc h a s  relativ e  humidity ,  clou d cove r  an d temperature .  I n 
Arizon a  o f  USA ,  calculation s  estimate d tha t  thi s  exchang e  valu e 
rangin g fro m 69 Wm i n th e  Summe r  t o  88 Win i n  th e  Winte r 
(Talwar, 1980). 

The  therma l  flu x (i.e .  th e  amoun t  o f  hea t  conducte d acros s  a 
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u n i t c r o s s - s e c t i o n a l a r e a ) c a n b e t a k e n a s t h e h e a t s t o r e d i n 
s o i l . 

S ï  k t d T / d x «=DT C d T / d x ( 3 ) 

w h e r e k t i s t h e t h e r m a l c o n d u c t i v i t y ; d T / d x i s t h e t e m p e r a t u r e 
g r a d i e n t i n t h e v e r t i c a l d i r e c t i o n ; D t i s t h e t h e r m a l d i f f u -
s i v i t y , ]>r  = k t / C f C i s v o l u m e t r i c h e a t c a p a c i t y . E x p e r i m e n t s 
i n d i c a t e d t h a t t h e d a y l y s o i l s t o r a g e t e r m i s t o b e o f t h e o r d e r 
o f 5-1 5 ^  o f n e t r a d i a t i o n . 

Fro m f o r m u l a ( 1 ) , t h e t e m p e r a t u r e o f b a r e s o i l c a n b e e x p r e s s e d 
a s f o l l o w s : 

T s « (H<* -IiE — IR  - S ) / ( h r * h c ) + T* (4 ) 

Fro m t h e a b o v e i t c a n b e s e e n t h a t f o r  b a r e s o i l t h e b i g g e s t 
l o s s componen t i s t h e e v a p o r a t i o n l o s s . And p l a s t i o m u l c h i n g 
f i l m c a n e f f e c t i v e l y r e d u c e t h i s l o s s t o n e a r l y z e r o . M o r e o v e r , 
t h e i n f r a r e d r a d i a t i o n l o s s an d c o n v e c t i o n l o s s a r e a l s o r e d u c e d 
t o som e e x t e n t . Bu t a t t h e sam e t i m e p l a s t i c f i l m ma y r e d u c e 
t h e d i r e c t a b s o r p t i o n o f s o l a r  e n e r g y b y 5 - 2 0 # , d e p e n d i n g o n t h e 
t y p e s o f p l a s t i o f i l m u s e d . 

Unde r  s t e a d y c o n d i t i o n a n e n e r g y e q u a t i o n f o r  m u l c h e d s o i l i s 
g i v e n a s f o l l o w s : 

H-coc e h r , s - p ( T s- T a ) • h c , s . p < ( T 5 -To , ) + e < R + S ( 5 ) 

w h e r e i s t h e t r a n s p a r e n c y o f p l a s t i o f i l m . I n t h i s s t u d y , we 
s u p p o s e t h e t e m p e r a t u r e o f t h e m u l c h e d s o i l s u r f a c e an d t h e 
t e m p e r a t u r e o f t h e p l a s t i c f i l m t h e s a m e . 

Fro m f o r m u l a ( 5 ) , we c a n g e t a n e q u a t i o n f o r  c a l c u l a t i n g t h e 
t e m p e r a t u r e o f m u l c h e d s o i l a s f o l l o w s : 

T s . ( H - t f c - g - c R - S ) / ( h r + h c < ) + Ôá, ( 6 ) 

EXPERIMEN T AND DISCUSSIO N 

T h i s e x p e r i m e n t w a s c a r r i e d o u t a t t h e U n i v e r s i t y o f M e l b o u r n e 
i n A u s t r a l i a . T h r e e b o x e s , e a c h o f w h i c h m e a s u r e s 0 . 4  m l o n g , 
0 . 3 3 m w i d e an d 0 . 2 5 m d e e p , w e r e f i l l e d w i t h s o i l . Two b o x e s 
w e r e c o v e r e d b y t r a n s p a r e n t p o l y e t h y l e n e f i l m . T h e r m o c o u p l e s 
w e r e u s e d t o m e a s u r e t h e t e m p e r a t u r e s a t d i f f e r e n t d e p t h e s . 
Th e o b s e r v a t i o n wa s t a k e n d u r i n g S p r i n g t i m e . 

Some o f t h e o b s e r v e d an d c a l c u l a t e d s o i l t e m p e r a t u r e a r e show n 
i n f i g u r e 2 . E x p e r i m e n t s s h o w e d t h a t t h e a g r e e m e n t b e t w e e n t h e 
o b s e r v e d an d c a l c u l a t e d s o i l t e m p e r a t u r e s o f b o t h b a r e an d 
m u l o h e d s o i l s i s g o o d . So we c a n u s e f o r m u l a e (4 )  an d ( 6 7 t o 
p r e d i c t t h e s o i l t e m p e r a t u r e s o f b a r e an d m u l o h e d s o i l s b a s e d o n 
t h e l o c a l m e t e o r o l o g i c a l d a t a . 
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— calculate d 

}y é  é  é  é  t .  I  é  é  é  i .  é -
ü 8 1 0 1 2 1 4 1 6 8  1 0 1 2 1 4 1 6 1 8 

bar e  soi l  mulche d soi l 

fig * 2 ·  Observe d an d calculate d temperature s  o f 
mulohe d an d bar e  soil s 

Experiment s  als o indicate d tha t  ther e  wer e  som e  difference s 
betwee n observe d an d calculate d soi l  temperatures * I n orde r  t o 
predic t  soi l  temperatur e  mor e  quantitatively ,  a n erro r  analysi s 
fo r  typica l  day s  i s  neede d fo r  correction * 

CONCLUSIONS 

Throug h thi s  stud y w e  ca n oom e  t o th e  followin g conclusions : 

I *  Fo r  bar e  soi l  th e  bigges t  hea t  los s  i s  fo r  evaporation * An d 

flasti o  mulchin g fil m ca n effectivel y reduc e  thi s  loss * 
•  Formula e  (4 )  an d (6 )  ca n b e  use d fo r  foroastin g soi l  tempe -

ratur e  regim e  unde r  loca l  meteorologica l  conditions * I n thi s 
way,w e  ca n predic t  th e  earlies t  possibl e  dat e  fo r  sowin g o r 
predic t  th e  highes t  temperatur e  fo r  solarization * 
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ABOUT A  CONCEPT O N MICROCOMPUTER MEASURIN6 SYSTE M AN D 

IT S APPLICATIO N I N TH E FIEL D O F SOLA R ENERGY CONVERSION 

Dr .  A .  M.  Marinof f 

Bulgaria n Academ y o f  Sciences ,  161 8 Sofia ,  P.O.Bo x 105 , 
Bulgari a 

ABSTRACT 

Th e  realizatio n o f  a  possibl e  concep t  o n a  microcompute r 
measurin g syste m fo r  electrical ,  optica l  an d temperatur e 
measurement s  i n  th e  fiel d  o f  photoelectrica l  an d phototherma l 
conversio n o f  sola r  energ y i s  presente d i n  thi s  pmpmr. 

KEYWORDS 

Sola r  energy ,  sola r  syste m control ,  compute r  control ,  compute r 
interfaces ,  softwar e  engineering ,  compute r  testing ,  programme d 
control ,  therma l  variable s  control ,  optica l  variable s  control , 
electri c  variable s  contro l 

INTRODUCTION 

Scientifi c  researc h i n  th e  fiel d  o f  photoelectrica l  an d 
phototherma l  conversio n o f  sola r  energ y require s  experimenta l 
wor k -  fo r  instanc e  measurin g o f  man y an d differen t  electrical , 
optica l  an d therma l  value s  whic h characteriz e  th e  functionin g o f 
th e  sola r  energ y convertor s  (sola r  cells ,  sola r  collector s 
e c t . ) .  Th e  experimenta l  researc h i s  connecte d wit h th e  usag e  o f 
differen t  measurin g units .  Thi s  i s  du e  t o  th e  fac t  tha t  th e 
studie d object s  (fo r  instanc e  cristallin e  an d amorphou s  thi n 
films ,  insulatin g films ,  p-n -  an d Schottky-junctions , 
MOS-structures ,  sola r  wate r  an d ai r  collectors )  sho w a  wid e 
variet y  o f  physica l  behaviour .  Thus ,  th e  variet y  o f  measurin g 
task s  mak e  difficul t  th e  contro l  o f  th e  measurin g unit s  an d th e 
dat a  acquisition . 

38 6 
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I n thi s  wor k A  realizatio n ï- f  a  possibl e  concep t  o n a 
microcompute r  intelligen t  measurin g syste m fo r  electrical , 
optica l  an d temperatur e  measurement s  i n  th e  fiel d  o f  sola r 
energ y conversio n i s  presented .  Th e  microcompute r  syste m ca n b e 
use d als o fo r  theoretica l  modellin g o f  physica l  processes .  Th e 
measurin g syste m i s  base d o n specialize d measurin g unit s  an d 
module s  o f  th e  US A Hewlett-Packar d an d Perkin-Elme r  companie s 
whic h ar e  connecte d throug h th e  interfac e  ÉÅÅÅ-4È8- 1 wit h a 
Hewlett-Packar d microcompute r  HP9000 ,  serie s  8 0 t o  a n integrate d 
ope n system .  Th e  moder n microcmpute r  techniqu e  allow s  fo r 
effectiv e  usag e  o f  th e  measurin g unit s  an d th e  dat a  acquisition . 
I n  practic e  thi s  ca n b e  achieve d i n  differen t  ways .  Ther e  ar e 
man y possibilitie s  t o  attai n  intelligen t  measurin g syste m 
(Goetz e  e t  al .  ,  1987) . 

A microcompute r  (MC )  i s  use d a s  a  centra l  contro l  an d dat a 
acquisitio n unit .  Th e  microcompute r  carrie s  ou t  th e  control , 
th e  measuremen t  an d th e  acquisitio n o f  th e  measure d data . 
Besides ,  th e  differen t  mesurin g unit s  ar e  equippe d wit h built-i r 
microprocessors .  I n  thi s  cas e  th e  microcompute r  play s  a 
coordinatin g rol e  i n  th e  communicatio n betwee n th e  measurin g 
units .  Th e  actua l  measurin g task s  ar e  performe d b y th e 
intelligen t  measurin g units .  Th e  softwar e  suppor t  o f  th e 
measurin g syste m include s  th e  syste m softwar e  fo r  microcomputer s 
HP9000 ,  serie s  S O an d th e  applicatio n softwar e  fo r  control , 
measuring ,  registering ,  dat a  acquisitio n an d modellin g o f  a  wid e 
rang e  o f  electrical ,  optica l  an d temperatur e  measurement s 
develope d b y us . 

HARDWARE CONFIGURATION O F TH E MEASURING SYSTE M 

Fig .  1  represent s  a  principl e  bloc k schem e  o f  a n intelligen t 
measurin g system .  I t  contain s  a  MC complet e  wit h a  standar d 
microcompute r  peripher y (printer ,  plotter ,  flopp y dis c  driv e  an d 
digiizer )  an d measurin g unit s  (Marinoff ,  1967a) . 

Th e  B-bi t  MC ha s  a n operatin g memor y o f  16k/32 k o r  128 k (whic h 
ca n b e  expande d t o  640k ) .  Th e  operatin g syste m (OS )  take s  32 k 
an d i t  i s  realize d o n ROM's .  Th e  rang e  o f  th e  O S ca n b e  widene d 
wit h th e  hel p o f  6  differen t  ROM's .  Th e  MC i s  equippe d wit h th e 
wel l  know n measurin g interface s  (ÉÅÅÅ-4È8 ,  RS-232-C ,  BCD ,  GPI O 
ect .  ) .  Thi s  facilitate s  substantionall y  th e  contro l  o f  th e 
measurin g units . 

Th e  measurin g unit s  includ e  a  digita l  voltmeter ,  programmabl e 
powe r  suppl y (10A ,  6 0 V ) ,  multiplexer ,  LCR-mete r  an d 
spectrophotometer s  fo r  optica l  measurement s  i n  th e  rang e  betwee n 
20 0 n m an d 5 0 microns .  Th e  spectrophotometer s  ar e  manifacture d 
b y th e  US A Perkin-Elme r  compan y an d th e  res t  o f  th e  units -  b y 
th e  US A Hewlett-Packar d company .  Al l  measurin g unit s  excep t  th e 
spectrophotometer s  hav e  a n IEEE-48 8 interface .  Th e 
spectrophotometer s  hav e  a  RS-232- C interfac e  an d the y ca n b e 
controlle d b y th e  sam e  MC. 
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Hewlett - Packard Interface Bus (HP - IB), IEEE - 488 

Digitizer P lo t ter Pr inter Flopp y Disc 
Drive 

H P - I B 
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Multiplexer 
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Supply 
L C R 
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Digital 
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RS - 232 - C R S - 232 - C 
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UV/VIS-Spectrophotometer IR-Spectrophotometer 
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1 

MICROCOMPUTER 

Fig .  1  Principa l  hardwar e  schem a  o f  th e 
measurin g syste m 

SOFTWARE CONCEPT 

Th e  abov e  describe d hardwar e  con-figuratio n allow s  fo r  th e  usag e 
of  a  measurin g syste m i n a  wid e  rang e  o f  applications .  Thi s  i s 
provide d b y bot h th e  hardwar e  o f  ever y measurin g uni t  an d th e 
syste m an d applicatio n software .  Appropriat e  hardwar e  an d 
softwar e  ar e  selecte d accordin g t o  th e  specifi c  applicatio n o f 
th e  system . 

Fig .  2  represent s  a  commo n bloc k schem e  o f  th e  applicatio n 
software ,  develope d b y us .  I t  i s  writte n mainl y i n  H P BASI C an d 
ASSEMBLER fo r  th e  MC HP9000 ,  serie s  8 0 fro m th e  US A 
Hewlett-Packar d compan y (Marinoff ,  1987b) .  Dependin g o n th e 
specifi c  applicatio n o f  th e  measurin g syste m th e  dat a  collecte d 
fro m th e  studie d objec t  (fo r  instanc e  sola r  cell ,  thi n  fil m o r 
sola r  collector )  i s  receive d b y th e  compute r  i n  thre e  differen t 
way s  8 

-  directl y  throug h keyboar d o f  th e  MC i f  th e  dat a  i s  obtaine d 
fro m othe r  unit s  an d i t  i s  necessar y t o  b e  store d o n magneti c 
medi a  an d registere d i n  appropriat e  form . 

-  throug h th e  digitizer -  fo r  instanc e  b y estimatio n o f 
optica l  spectre s  i f  the y ar e  obtaine d b y spectrophotometer s 
withou t  digita l  output . 

-  th e  MC receive s  th e  dat a  directl y  fro m th e  measurin g unit s 
throug h th e  interface .  Thi s  ca n b e  attaine d wit h th e  hel p o f 
specialize d progra m modules ,  develope d fo r  ever y specifi c  cas e 
of  application . 
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th e  progra m 

Th e  softwar e  developmen t  i s  governe d b y severa l  basi c 
principles : 

1.  A  complet e  applicatio n o f  th e  characteristic s  o f  th e  0 8 
an d th e  firmwar e  fo r  ever y dat a  task s  (levels )  (dat a  input , 
measurement ,  collecting ,  manipulatin g an d register ing) . 

2 .  Th e  programmin g i s  carrie d ou t  successivel y fo r  ever y 
leve l  an d i s  base d o n modul e  principles .  Differen t  programmin g 
module s  ar e  develope d fo r  ever y level .  Thes e  module s  allo w fo r 
th e  executio n o f  diferen t  electrical ,  optica l  an d temperatur e 
measurement s  i n  th e  fiel d  o f  sola r  energ y conversion . 

3 .  Som e  attempt s  wer e  mad e  i n  orde r  t o  achiev e  standar d 
module s  fo r  th e  differen t  tasks . 

4.  Ther e  wer e  othe r  attempt s  mad e  i n  orde r  t o  attai n  ver y 
flexibil e  modul e  organizatio n fo r  a  specifi c  dat a  leve l  (  fo r 
instanc e  fo r  dat a  registrat ion) .  Thi s  coul d minimiz e  th e 
programmin g cost s  fo r  othe r  measurin g tasks .  Fo r  instance ,  th e 
programmin g modul e  "dat a  inpu t  fro m digitizer "  use d i n  optica l 
measurement s  ca n als o b e  use d a s  dat a  inpu t  modul e  i n  electrica l 
measuremen t  tasks .  Th e  programmin g module s  fo r  dat a  inpu t  fro m 
differen t  measurin g unit s  hav e  i n  principl e  th e  sam e  structure . 
Ther e  ar e  onl y unsignifican t  differences ,  whic h characteriz e  th e 
hardwar e  o f  th e  specifi c  measurin g unit s  use d i n  th e 
measurement .  Th e  programmin g module s  fo r  dat a  registratio n ar e 
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characterize d b y hig h flexibilit y  an d the y ca n b e  use d -fo r 
differen t  purpose s  wit h littl e  variation s  only . 

S.  A  minimu m o f  hardwar e  configuratio n i s  t o  b e  use d fo r  an y 
specifi c  measurin g task ,  characterize d b y certai n  criteria .  Fo r 
instance ,  th e  measurin g o f  V- A curve s  fo r  semiconducto r  diode s 
an d sola r  cell s  ca n b e  carrie d ou t  i n  differen t  way s  i n 
accordanc e  wit h th e  requirement s  o f  th e  measurement .  Hardwar e 
variation s  ar e  possibl e  i n  cas e  o f  temperatur e  measurement s  a s 
wel l  (Marinoff ,  1988a) .  Thi s  ca n resul t  i n  alteratio n o f  th e 
softwar e  concept . 

Th e  describe d softwar e  concep t  wa s  applie d fo r  th e  M C HP9000 , 
serie s  8 0 bu t  i t  ca n b e  translate d t o  mor e  powerful 1 measurin g 
system s  suc h a s  VME/VXI  o r  IB M PC/XT/A T base d systems ,  becaus e 
th e  latte r  hav e  turne d recentl y  int o industr y standard .  Fo r 
instance ,  concernin g mor e  powerful 1 system s  th e  MC HP9000 , 
serie s  30 0 allow s  fo r  widenin g th e  syste m t o th e  VME-bu s  system s 
(Marinoff ,  1988b) .  I n  thi s  cas e  i t  i s  possibl e  t o  us e  IEEE-48B -
an d VME-  bu s  togethe r  an d t o  utiliz e  VME drive r  softwar e  fo r  th e 
operatin g system s  BASIC ,  PASCAL ,  HP-U X (Hewlett-Packar d varian t 
of  th e  operatin g syste m UNIX) .  I t  i s  possibl e  t o  connec t  a 
VME-expande r  wit h 5  slot s  t o  th e  MC HP9000 ,  serie s  300 .  Fou r 
slot s  ar e  reserve d fo r  differen t  VME-module s  an d th e  fift h  slo t 
i s  reserve d fo r  th e  VME-bus . 

Wit h th e  hel p o f  a  MS-DO S coprocesso r  8028 6 an d appropriat e 
drive r  program s  i t  i s  possibl e  t o  achiev e  progra m compatibilit y 
betwee n IB M PC/XT/A T an d HP9000 ,  serie s  30 0 MC' s  .  Thi s  lead s 
t o  integratio n betwee n th e  operatin g system s  UNI X an d MS-DO S an d 
th e  usag e  o f  hundred s  MS-DO S softwar e  product s  i s  possible . 

Ther e  i s  anothe r  wa y t o  achiev e  flexibilit y  o f  th e  abov e 
presente d system :  wit h th e  hel p o f  onl y on e  progra m drive r  an d 
withou t  an y hardwar e  module s  i t  i s  possibl e  t o  translat e  th e 
develope d applicatio n softwar e  an d t o  transfe r  an y dat a  file s 
fro m HP9000 ,  serie s  8 0 t o  IB M PC/XT/A T workin g i n  th e 
environmen t  o f  MICROSOFT QUIC K BASI C 4.0 .  Program s  writte n i n 
serie s  8 0 BASI C o n MC HP85A ,  HP85B ,  HP86A ,  HPS6B ,  ÇÑÈ7 ,  HP991 5 
wil l  b e  automaticall y  translate d t o  MICROSOFT QUIC K BASI C 4. 0 
an d ru n o n faste r  MS-DO S MC's .  MICROSOFT QUIC K BASI C 4. 0 i s  a 
fas t  powerful 1 languag e  whic h ca n handl e  th e  comple x an d variou s 
program s  create d o n HP9000 ,  serie s  80 .  10 0 V. o f  th e  cod e  o f 
genera l  computatio n program s  wil l  b e  translated .  Mor e  tha n 9 0 7 . 
of  th e  graphyc s  program s  wil l  b e  automaticall y  move d t o 
MICROSOFT QUIC K BASI C 4.0 .  Hewlett-Packar d Input/Outpu t  (HP-I0 ) 
command s  wil l  b e  translate d a s  closel y a s  possibl e  t o  th e 
librar y supportin g th e  82900 A interface .  Th e  RS-232- C HP-I 0 
command s  wil l  b e  translate d t o  wor k wit h standar d RS-232- C 
ports .  Th e  translato r  wil l  automaticall y  replac e  intrinsi c 
functions .  Th e  advance d strin g handlin g include d i n  HP9000 , 
serie s  8 0 advance d programmin g RO M wil l  b e  replace d b y 
appropriat e  function s  o n th e  MS-DO S MC's .  Matri x  RO M function s 
handlin g comple x manipulation s  o f  bot h matrixe s  an d vector s  wil l 
b e  supported .  Translatin g function s  o f  th e  plotte r  RO M wil l 
allo w th e  use r  t o  continu e  usin g hi s  grafi c  equipmen t  i n  th e 
MS-DOS environment .  A  MS-DO S fil e  cop y utilit y  allow s  t o  cop y 
dat a  file s  an d program s  SAVE D o n HP9000 ,  serie s  8 0 flopp y dis c 
drives . 
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Anothe r  wa y leadin g t o  -furthe r  developmen t  o f  th e  existin g 
measurin g syste m i s  connecte d wit h applicatio n o f  th e  method s  o f 
th e  artificia l  intelligence ,  especiall y  th e  techniqu e  o f  th e 
exper t  system s  an d knowledg e  engineerin g (Marinof f  e t  al .  , 
1989) . 

CONCLUSION 

Th e  measurin g syste m i s  use d fo r  a  certai n  rang e  o f  measuremen t 
task s  (concernin g th e  scientifi c  are a  o f  sola r  energ y 
convers ion) ,  bu t  i t  ca n b e  utilize d i n  man y othe r  field s  o f 
scienc e  an d technique . 

Th e  futur e  applicatio n o f  th e  abov e  describe d syste m wil l  b e 
connecte d wit h it s  widenin g t o  mor e  powerful 1 measurin g system s 
suc h a s  VXI ,  IBM  PC/XT/A T o r  IB M PS/ 2 base d systems . 

Th e  creatio n o f  a n exper t  syste m o n th e  basi s  o f  th e  currentl y 
operatin g automati c  syste m fo r  contro l  seem s  t o  b e  eve n mor e 
attractiv e  achievemen t  (i n  term s  o f  th e  futur e  development) . 
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ABSTRACT 

The  pape r  deal s  wit h th e  developmen t  o f  sola r  gasificatio n fo r 
oi l  residue s  an d mazout ,  i n  particular ,  a t  a  high-temperatur e 
sola r  powe r  plant .  Th e  composition s  o f  resultan t  gases ,  th e 
produc t  hea t  capacitie s  an d th e  proces s  efficienc y hav e  bee n 
determined . 

KEYWORDS 

Sola r  powe r  plant ;  sola r  gasifier ;  sola r  gasification . 

At  presen t  extensiv e  searc h fo r  efficien t  an d ecologicall y 
pur e  method s  o f  sola r  energ y conversio n int o potentia l  energ y 
of  combustibl e  hydrogen-containin g gase s  hav e  bee n carrie d 
ou t  bot h i n  ou r  countr y an d abroad . 

Nowaday s  certai n  progres s  ha s  bee n achieve d i n  thi s  tren d o f 
moder n science :  sola r  powe r  plant s  an d sola r  gasifier s  o f  var -
iou s  configuration s  hav e  bee n develope d whic h ar e  destine d 
fo r  sola r  gasificatio n o f  soli d  fuels ,  non-culture d high -
yiel d plan t  varieties ,  an d agricultura l  waste s  int o combust -
ibl e  gase s  (Greg g e t  al. .  1980) . 

Sinc e  th e  Republi c  lack s  it s  ow n coa l  base ,  a  necessit y  t o 
see k fo r  loca l  "available "  materia l  appeared .  I n  Azerbaija n 
condition s  mazou t  wa s  chose n a s  suc h availabl e  ra w material . 
The  wor k attempt s  t o  develo p a n efficien t  wa y o f  combustibl e 
ga s  productio n b y thermochemica l  transformatio n o f  oi l  resi -
due s  usin g accumulate d hea t  o f  sola r  radiation .  Takin g th e 
abov e  int o consideration ,  w e  hav e  develope d an d teste d a  pilo t 
sola r  powe r  plan t  fo r  sola r  gasificatio n o f  oi l  residu e  -
mazou t  whic h i s  bein g forme d durin g crud e  oi l  treatmen t  a t  th e 
Bak u refineries .  Th e  elementa l  conten t  o f  Bak u sulphur-fre e 
mazou t  i n  weigh t  pe r  cen t  i s  a s  follows :  C  «  87·3 ;  Ç  »  11.6 ; 
0  »  0.6 ;  Í  *  0.5 . 
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^ a c c u m . s ^ r e a c t i o n p r o d u c t "  ^ m a z o u t ^ 

r e d Q 

e n c y w a s f o u n d a s 

H a v i n g a c q u i r e d Q a o c um from  ( 1 - 3 ) t h e s o l a r  g a s i f i e r  e f f i c i -

Q 

^ a c c u m . (ö) 

I n t h e c o n d i t i o n s u n d e r  s t u d y ç . w a s : f o r  ( m a z o u t ) s o l a r  p y r o -
l y s i s ~ 0.28J& , f o r  s o l a r  g a s i f i c a t i o n ~ 3 0 % . T a b l e s 1 a n d 2 

Th e u n i t o o n s i s t s o f r e f l e c t i n g m i r r o r , s o l a r  g a s i f i e r , t h e 
s y s t e m s o f s t a r t i n g m a t e r i a l a n d o x i d i z e r  f e e d i n g a n d d o s a g e , 
t h e s y s t e m s o f r e s u l t a n t g a s c o l l e c t i o n , s u n - g u i d e d s y s t e m s , 
c o n t r o l a n d c o m m u n i c a t i o n u n i t * 

Th e t h e r m o c h e m i c a l c o n v e r s i o n o f m a z o u t a t s o l a r  p o w e r  p l a n t 
i s a s f o l l o w s : a c c u m u l a t e d s o l a r  r a y s r e f l e c t e d f r o m t h e r e -
f l e c t i n g m i r r o r  p a s s t o t h e s o l a r  g a s i f i e r  t h r o u g h t h e s y s t e m s 
o f s t a r t i n g m a t e r i a l a n d o x i d i z e r  f e e d i n g a n d d o s a g e . S t a r t i n g 
m a t e r i a l i s h e a t e d i n t h e r e a c t i o n v o l u m e o f s o l a r  g a s i f i e r  t o 
t h e d e c o m p o s i t i o n t e m p e r a t u r e ( ~ 1 0 0 0 ° C ) a n d t h u s t h e p r o c e s s 
o f m a z o u t t h e r m o c h e m i c a l d e c o m p o s i t i o n i n t o H 2; OH^ ; 0 2 Ç4 » 

CgHg ; C^Hg ; 0 ^ Ç â, e t c . , t a k e s p l a c e . 

Th e c o m p o s i t i o n o f r e a c t i o n p r o d u c t s w a s d e t e r m i n e d c h r o m a t o -
g r a p h i c a l l y . D i v e r s i f i e d c o n f i g u r a t i o n s a n d m o d i f i c a t i o n s o f 
s o l a r  g a s i f i e r s w e r e u s e d d e p e n d i n g o n s t a r t i n g m a t e r i a l e m p -
l o y e d a n d t e c h n o l o g i c a l c o n d i t i o n s o f t h e p r o c e s s ( s o l a r  p y r o -
l y s i s o r  s o l a r  g a s i f i c a t i o n ) . 

E x p e r i m e n t a l s t u d i e s s h o w e d t h a t maximu m y i e l d s o f f i n i t e p r o -
d u c t s a r e o b t a i n e d u p o n m a z o u t d e c o m p o s i t i o n a t 8 0 0 - 9 0 0 ° C , 
0 . 1 MP a p r e s s u r e , a n d s o l a r  r a d i a t i o n i n t e n s i t y o f 

3 1 3 5 W / m 2 h o u r * I n t h i s c a s e c o m b u s t i b l e g a s y i e l d w a s ^ 8 0 
m / h o u r . Th e c o n t e n t o f r e s u l t a n t g a s i n v o l u m e %  i s g i v e n b e -
l o w : 

H 2 ~ 2 0 - 2 5 ; C H 4— 3 0 - 3 5 ; < 3 2 H4 ~ 2 0 - 2 5 ; GgH g ~ 3 - 3 . 5 ; 

C 3 H 6 ~ 9 - 1 0 ; ( C 3H 8 + C 4H 1 0) - 1 - 2 ; GO 3 · 5 - 4 

S o l a r  g a s i f i e r  e f f i c i e n c y w a s d e t e r m i n e d a s t h e r a t i o o f r e -
s u l t a n t p r o d u c t p o t e n t i a l h e a t s t o o v e r a l l s p e n t e n e r g y a n d 
w a s c a l c u l a t e d f r o m t h e f o l l o w i n g r e l a t i o n : 

ç 4 £ Gi ^  ( D 
m g  Ë ,  A 

s t a r t i n g ^ s t a r t i n g * a c c u m . 

O v e r a l l c a l o r i f i c p o w e r  o f r e a c t i o n p r o d u c t s w a s t h e r e f o r e d e -

t e r m i n e d f r o m : 

Th e c a l c u l a t i o n o f q u a n t i t y o f h e a t a c c u m u l a t e d d u r i n g g a s 
f o r m a t i o n w a s p e r f o r m e d f r o m t h e f o l l o w i n g r e l a t i o n : 



394 

presen t  composition ,  yiel d an d calorifi c  powe r  o f  resultan t 
gase s  fo r  th e  mazou t  sola r  pyrolysi s  an d sola r  gasificatio n a t 
a  sola r  powe r  plant ,  respectively . 

The  analysi s  o f  th e  dat a  obtaine d showe d tha t  efficien t  sola r 
energ y accumulatio n (o r  preservation )  int o combustibl e  ga s 
energ y occur s  upo n thermochemica l  accumulatio n o f  oi l  residue s 
(mazout )  a t  a  sola r  powe r  plan t  fe d b y externa l  hea t  (du e  t o 
concentrate d sola r  radiatio n heat )  a s  oppose d t o  th e  traditio n 
a l  technolog y base d o n interna l  hea t  feedin g (whe n actua l  35% 
o f  mazou t  ar e  combusted) · 

Tabl e  1 . 

Reactio n Amoun t 
product s 

volum e  weigh t  mas s 
% g r 

H2 22. 3 2.32 1 

C H4 34. 6 28.83 1 

C 2H4 20. 4 29.74 8 

°2 H6 3. 2 5.00 4 

C3 H6 11. 2 24.49 6 

CO 3. 5 5.1 0 

Tota l 95. 2 95. 6 

Produc t  calor -
ifi c  power , 

volum e  a t  °C ,  kJ 

MPa,  1 /hou r 

2. 4 26. 7 334. 8 

30. 2 40. 6 1527. 4 

31. 1 23. 8 1492. 3 

5. 2 3. 7 249. 8 

25. 6 12. 8 1198. 5 

5. 3 4.0 8 50. 1 

99. 8 111.6 8 4852. 9 

Tabl e  2 . 
Reactio n 
product s  1 

Amount Produc t  calori -Reactio n 
product s  1 volum e 

% 
weigh t 

g r 
mas s 
% 

volum e  a t  aG*^ 
MPa,  1 /hou r 

H2 23. 5 2. 1 2. 5 27. 8 348. 6 

CO 11. 2 14. 0 16. 7 13. 4 168. 0 
C H4 26. 2 18. 6 22. 1 31. 1 1118. 0 

G2 H4 26. 5 33. 4 39. 8 31. 6 1875. 6 

°3 H6 3. 5 6. 7 8. 0 4. 2 368. 7 

C2 H6 1. 6 2. 2 2. 6 1. 9 122, 5 

° 3 H8 3. 5 7. 0 8. 3 4. 1 380. 4 

Tota l 96. 0 84. 0 10 0 118. 3 4381 . 
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ABSTRACT 

Hourl y electricit y  an d hea t  deman d dat a  fro m a  larg e  typica l  seasid e  Hote l  wer e  collected . 
Variou s  option s  fo r  satisfyin g th e  Hotel' s  energ y deman d pattern s  wit h mixe s  o f  energ y supplie s 
of  differen t  capacit y  (cogeneration ,  win d energy ,  an d sola r  energy )  wer e  investigate d wit h th e 
us e  o f  recentl y  develope d simulatio n software .  Sensitivit y  analysi s  wit h respec t  t o  energ y 
produce d an d anticipate d cos t  wa s  performed .  A  0. 5 hea t  t o  powe r  rati o  fo r  cogeneratio n wa s 
establishe d a s  optimum .  Whe n usin g energ y mixes ,  cogeneration ,  mus t  b e  th e  larges t  "supplier" . 
When th e  participatio n o f  win d an d sola r  energ y i n  th e  energ y mi x increases ,  th e  solutio n 
become s  les s  cos t  effective .  Th e  optimu m mi x o f  energ y i s  ver y sensitiv e  t o  a  reductio n o f 
anticipate d energ y production/collection . 

KEYWORDS 

Simulation ,  hotels ,  cogeneration ,  solar ,  wind ,  energ y mix . 

INTRODUCTION 

Hote l  industr y i s  th e  island' s  mos t  importan t  industry .  Th e  competitivenes s  o f  thi s  industr y i s 
vita l  t o  th e  econom y o f  th e  island .  Wit h th e  exceptio n o f  a  4 % contributio n o f  sola r  energ y al l 
energ y need s  o f  th e  islan d ar e  satisfie d b y importe d oil .  Electricity ,  whic h i s  produce d b y oi l 
fire d stations ,  i s  th e  mai n typ e  o f  energ y use d b y th e  hote l  industr y (45% )  It s  tota l  sectora l 
consumptio n i s  onl y secon d t o  th e  secto r  o f  cement .  Heatin g need s  i n  mos t  hotel s  ar e  satisfie d 
by ga s  oi l  (42 % o f  tota l  energ y consume d i n  a  hotel )  an d cookin g b y liqui d petroleu m ga s  (13%) . 
Wate r  heatin g i s  done ,  i n  almos t  hal f  o f  th e  hotels ,  partl y  b y sola r  system s  an d partl y  b y ga s 
oil .  Becaus e  o f  variou s  reason s  (no n availabilit y  o f  data ,  lac k o f  thoroug h stud y an d a  monopol y 
coverin g th e  productio n o f  electricity )  n o us e  o f  electricit y  productio n b y win d ha s  bee n don e 
up t o  thi s  moment .  Cogeneratio n i s  a n optio n examine d onl y recentl y  (5) . 

Thoug h theoreticall y  th e  economic s  o f  thi s  optio n ar e  excellen t  ( a  considerabl e  fractio n o f  th e 
rejecte d hea t  t o  th e  sin k i s  adde d t o  th e  availabl e  work) ,  th e  variatio n o f  th e  deman d patter n 
make s  th e  proble m o f  optimizatio n o f  th e  capacit y  o f  th e  system s  quit e  complicated .  Th e 
solutio n o f  th e  proble m o f  findin g cos t  effectiv e  mixe s  o f  energ y an d th e  adoptio n o f  ne w an d 
bette r  suppl y patter n tha t  wil l  b e  makin g maximu m us e  o f  variou s  alternativ e  energ y source s 
(i. e  win d an d solar )  wil l  b e  extremel y usefu l  fo r  thi s  an d possibl y fo r  othe r  industrie s  a s  well . 

The  potentia l  o f  applie d microcompute r  simulatio n modellin g fo r  cogeneratio n ha s  bee n reviewe d 
by a  recen t  pape r  (5). A  microcompute r  simulatio n mode l  designe d b y Jacque s  an d Mui r  (5 )  ha s 
bee n develope d an d tested .  Th e  mode l  aim s  t o  simulatin g rando m flactuation s  o f  th e  deman d 
pattern s  an d examinin g thei r  effec t  o n th e  overal l  economi c  performanc e  o f  a  propose d micr o 
cogeneratio n project .  A  complet e  descriptio n o f  thi s  packag e  an d ca n b e  foun d i n  a  recentl y 
publishe d pape r  (3). A  distinc t  adnantag e  o f  th e  packag e  exploite d full y  i n  th e  presen t  stud y 
i s  it s  abilit y  t o  accoun t  fo r  variabilit y  i n  th e  supply-potentia l  o f  alte r  nativ e  source s  o f 
energ y (allow s  th e  inpu t  i n  th e  progra m o f  othe r  source s  suc h a s  solar ,  win d etc) . 
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THE PRESEN T STUD Y 

The  presen t  stud y ha s  use d th e  simulatio n packag e  develope d extensivel y i n  orde r  t o  experimen t 
wit h variou s  mixe s  o f  energ y supplie s  (cogeneration ,  solar ,  wind )  wit h th e  ai m o f  drawin g usefu l 
conclusion s  a s  fa r  a s  th e  optimu m capacitie s  an d mixe s  o f  thes e  supplie s  i s  concerned .  Rea l 
hourl y hea t  an d electricit y  deman d dat a  wer e  collecte d fo r  thre e  typica l  "seasons" . 

The  hea t  inpu t  i n  th e  mode l  b y th e  sola r  syste m configuration s  eac h hou r  wa s  calculate d usin g 
hourl y globa l  radiatio n dat a  fo r  th e  specifi c  locatio n provide d b y th e  Meteorologica l  Servic e  o f 
Cypru s  fo r  tilte d surface s  a t  50 .  A  pane l  efficienc y o f  7 0 pe r  cen t  an d a  syste m efficienc y o f 
40 pe r  cen t  wa s  use d fo r  locall y  manufacture d installe d an d price d sola r  systems . 

Wind velocitie s  fo r  th e  specifi c  sit e  availabl e  a t  a  heigh t  o f  1 0 meter s  wer e  transferre d t o 
tha t  o f  th e  ihaf t heigh t  utilizin g dat a  fro m win d generato r  manufacturer s  an d th e  Meteorologica l 
Servic e  o f  Cyprus .  Hourl y electricit y  produce d fo r  eac h "season "  wa s  the n calculate d an d 
inpute d t o  model . 

Dat a  collectio n o f  hourl y hea t  an d electricit y  consumptio n dat a  i s  on e  o f  th e  mos t  difficult , 
vital ,  tim e  consumin g an d perhap s  costl y  activitie s  o f  th e  investigation .  Th e  importanc e  o f  th e 
existenc e  o f  "enough "  reliabl e  dat a  ca n no t  b e  overemphasized .  Figure s  1  an d 2  presen t  a  sampl e 
of  3  day s  o f  electricit y  an d hea t  deman d patterns . 

Seve n differen t  cogeneratio n system s  o f  varie d capacit y  an d hea t  t o  powe r  rati o  o f  0. 5  wer e 
analysed .  Th e  choic e  o f  th e  specifi c  hea t  t o  powe r  rati o  wa s  base d o n previou s  stud y Co)  th e 
result s  o f  whic h wer e  reconfirme d i n  thi s  study .  I n  thi s  simulation s  no  othe r  auxiliar y form s 
of  energ y wer e  inputed . 

Followin g experimentin g o f  thre e  differen t  energ y "mixes "  (configurations )  tha t  include d 
cogeneration ,  sola r  syste m an d a  win d generato r  th e  effec t  o f  varyin g th e  capacit y  o f  th e 
cogeneratio n syste m (betwee n 4 0 an d 14 0 KW)  whil e  maintainin g th e  sam e  win d generato r  (6 0 KW) 
an d sola r  syste m (250m2 )  wa s  investigated . 

The  effec t  o f  varyin g th e  hea t  powe r  rati o  wa s  investigate d o n a  specifi c  configuratio n an d th e 
rati o  o f  0. 5  confirmed . 

For  th e  optimu m configuratio n (100K W o f  cogeneratio n +  15K W win d generato r  +  150m 2 o f  sola r 
heatin g system )  a  substitutio n o f  th e  ch p powe r  wit h win d generate d electricit y  an d sola r 
produce d hea t  wa s  performe d ( 4 ne w configurations) .  Fo r  th e  optimu m configuratio n a  sensitivit y 
analysi s  wa s  performe d aimin g a t  investigatin g (a )  th e  effec t  o f  change s  i n  th e  quantit y  o f  hea t 
an d electricit y  inpu t  b y th e  specifi c  energ y mi x an d (b )  th e  effec t  o f  change s  i n  th e  cos t  o f 
th e  system . 

RESULTS 

(a) .  Tabl e  1  present s  th e  result s  o f  seve n cogeneratio n configuratio n withou t  an y auxiliar y 
energ y input s  (i. e  sola r  energy ,  an d win d energy) .  Yearl y benefi t  an d Ne t  Presen t  Wort h fo r 
eac h investmen t  ar e  given . 

(b) .  Tabl e  2  present s  th e  result s  o f  fiv e  simulatio n runs .  I n  configuratio n No  4  cogeneratio n 
inpu t  varie d an d sola r  an d win d inpu t  wa s  kep t  constan t  (thu s  creatin g fiv e  ne w configurations) . 
Configuratio n No  5  present s  th e  result s  o f  varyin g th e  hea t  t o  powe r  rati o  o f  th e  cogeneratio n 
syste m fo r  a  specifi c  configuration . 

(c) .  Tabl e  3  present s  th e  result s  o f  substitutio n o n th e  configuratio n wit h th e  bes t  financia l 
retur n o f  cogeneratio n capacit y  wit h auxiliar y source s  o f  energ y (sola r  an d wind) . 

(d) .  Tabl e  4  present s  th e  result s  o f  a  sensitivit y  analysi s  performe d o n th e  optimu m 
configuration .  Th e  tes t  fo r  th e  cos t  include d onl y th e  optimisti c  cas e  (mor e  clos e  t o  reality ) 
of  reductio n i n  th e  cos t  o f  al l  equipmen t  involved . 

(e) .  Figur e  1  an d 2  presen t  sampl e  hea t  an d electricit y  deman d dat a  fo r  on e  da y o f  eac h "season" . 
Thre e  differen t  pattern s  (  dat a  fo r  thre e  day s  fo r  eac h seaso n )  wer e  inpute d int o th e  model . 

CONCLUSIONS 

The  stud y confirme d previou s  simulatio n run s  tha t  fo r  th e  specifi c  deman d pattern s  an d need s  th e 
optimu m rang e  o f  cogeneratio n capacit y  i s  i n  th e  rang e  o f  100-12 0 K W wher e  a s  th e  optimu m hea t 
t o  powe r  rati o  i s  0.5 .  I t  wa s  prove d tha t  i n  energ y "mixes "  th e  configuratio n i s  mor e  cos t 
effectiv e  whe n th e  larges t  electricit y  an d hea t  supplie r  i s  th e  cogeneratio n system .  Whe n th e 
participatio n o f  auxiliar y energ y source s  i n  th e  energ y "mix "  increase s  th e  configuratio n 
become s  les s  cos t  effective .  Th e  bes t  o f  th e  configuration s  teste d wa s  th e  on e  tha t  include d 
a  cogeneratio n uni t  o f  10 0 K W a  sola r  syste m o f  150m 2 an d a  win d generato r  o f  1 5 KW.  Th e 
sensitivit y  test s  prove d tha t  th e  optimu m solutio n i s  ver y sensitiv e  t o  a  reductio n o f  energ y 
collecte d an d produced .  A  futur e  dro p o f  th e  equipmen t  cos t  wil l  prov e  ver y beneficia l  t o  th e 
adoptio n o f  thi s  integrate d approac h o f  energ y "mixes" .  Financia l  analysi s  ca n b e  considere d t o 



Fig .  2 .  Sampl e  hea t  hourl y dat a 
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Fig .  1 .  Sampl e  electricit y  hourl y dat a 
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be  o n th e  "tough"  sid e  sinc e  possibl e  ta x allowance s  fo r  th e  investment s  wer e  no t  included . 
Furthe r  simulatio n run s  wit h weathe r  an d energ y dat a  fro m mor e  hotel s  i s  require d i n  orde r  t o 
dra w genera l  conclusio n fo r  optimu m energ y "mixes "  fo r  th e  whol e  o f  th e  hote l  industry . 

Tabl e  1 .  Result s  o f  cogeneratio n simulation s  withou t  auxiliar y source s 
of  energy . 

Capacit y  :  4 0 K W 
Cos t  :  1600 0 
Heat/Powe r  :  0. 5 
Efficienc y :  0.8 5 
Availabilit y  :  0.9 5 
Maintenanc e  :  120 0 
Yearl y benefi t  :  685 9 
Í  Ñ  V  :  -2128 8 

60 K W 10 0 K W 12 0 K W 
2000 0 3000 0 4000 0 

0. 5 0. 5 0. 5 
0.8 5 0.8 5 0.8 5 
0.9 5 0.9 5 0.9 5 

150 0 250 0 280 0 
1024 3 1669 7 1975 0 

-1208 8 479 6 1388 1 

14 0 K W 18 0 K W 20 0 K W 
4600 0 6000 0 8000 0 

0. 5 0. 5 0. 5 
0.8 5 0.8 5 0.8 5 
0.9 5 0.9 5 0.9 5 

330 0 450 0 560 0 
2224 6 2632 7 2780 7 
1675 6 1751 1 848 0 

Tabl e  2 .  Result s  fo r  variou s  simulation s  utilisin g auxiliar y source s 
of  energy . 

Configuratio n 1  :  10 0 K W Ch p +  1 5 K W Win d +  10 0 m 2 Sola r 
Cos t  o f  equipm .  :  30,00 0 Ch p +  1650 0 Win d +  15,00 0 Sola r 
Tota l  cos t  :  61,50 0 Maintenanc e  :  150 0 Own Capia l  :  30,00 0 Yearl y Benefi t  :  19,05 1 NP V :  8,03 0 

Configuratio n 2  :  10 0 K W Ch p +  3 0 K W Win d +  15 0 m 2 Sola r 
Cos t  o f  equipm .  :  30,00 0 Ch p +  19,50 0 Win d +  22,50 0 Sola r 
Tota l  cos t  :  70,00 0 Maintenanc e  :  2,50 0 Own Capital :  30,00 0 Yearl y Benefi t  :  19,72 5 NP V :  8 1 

Configuratio n 3  :  10 0 K W Ch p +  4 5 K W Win d +  20 0 m 2 Sola r 
Cos t  o f  equipm .  :  30,00 0 Ch p +  22,00 0 Win d +  30,000 0 Sola r 
Tota l  cos t  :  82,00 0 Maintenanc e  :  3,00 0 Yearl y Benefi t  :  20,88 3 NP V :  -700 5 
NOTE :  Own capita l  :  30,000 ,  Inte r  :  9% ,  Depr .  Pla n :  10% ,  Disc .  Rat e  :  20 % 

Configuratio n 4  :  6 0 K W Win d +  25 0 m 2 Sola r  wit h 40,60,100,12 0 an d 14 0 K W Ch p eac h tim e 

Cos t  99,100 ,  Maintenanc e  :  1,00 0 Yearl y benefi t  :  13,752 ,  NP V :  -31,49 3 Wit h 40 K W Ch p 

Wit h 60 K W Ch p 

Wit h 10 0 K W Ch p 

Wit h 12 0 K W Ch p 

Wit h 14 0 K W Ch p 

NOTE :  Fo r  al l  r 

Cos t  103,100 ,  Maintenanc e  :  1,500 ,  Yearl y benefi t  :  16,866 ,  NP V 

Cos t  113,100 ,  Maintenanc e  :  2,000 ,  Yearl y benefi t  :  23,272 ,  NP V 

Cos t  123,100 ,  Maintenanc e  :  2,500 ,  Yearl y benefi t  :  25,965 ,  NP V 

Cos t  129,100 ,  Maintenanc e  :  2,500 ,  Yearl y benefi t  :  28,382 ,  NP V 

-25,94 0 

-14,98 2 

-14,07 3 

-10,54 6 

was  5  years ,  th e  repaymen t  o f  loa n 5  year s  an d th e  discoun t  rat e  20% .  H/ P wa s  0.5 , 
efficienc y 0.8 5 an d availabilit y  0.95 . 

Configuratio n 5  :  7 5 K W Win d +  30 0 m 2 Sola r  +  10 0 K W Ch p 
Tota l  Cos t  :  128,00 0 Availabilit y  :  0.9 5 Efficienc y :  0.8 5 Maintenanc e  :  1,50 0 
H/ P =  0. 5 :  Yearl y benefi t  :  24,470 ,  NP V :  -20,98 2 
H/ P =  0. 6 :  Yearl y benefi t  :  23,668 ,  NP V :  -23,15 2 
H/ P =  0.7 5 :  Yearl y benefi t  :  22,479 ,  NP V :  -26.37 4 
H/ P =  1. 0 :  Yearl y benefi t  :  20,949 ,  NP V :  -30,51 3 

NOTE :  Th e  depreciatio n pla n use d wa s  5  years ,  th e  discoun t  rat e  wa s  20 % "own "  capita l  wa s 
64,00 0 an d th e  repaymen t  pla n wa s  5  years . 
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Tabl e  3 .  Result s  o f  simulation s  i n  whic h ch p capacit y  wa s  substitute d 
wit h win d an d sola r  input . 

Configuratio n A 
Equipmen t  Cos t 
Tota l  Cos t  :  66 , 

:  10 0 K W Ch p +  1 5 K W Win d +  15 0 m 2 Sola r 
:  30,00 0 (Chp )  +  16,00 0 (Wind )  +  2000 0 (Solar ) 
00 0 Maintenanc e  :  2,00 0 Own  Capita l  :  33,00 0 Yearl y benefi t  : ;  20,06 3 NPV : 1011 3 

Configuratio n Â 
Equipmen t  Cos t 
Tota l  Cos t  :  71 , 

:  8 0 K W Ch p +  3 0 K W Win d +  20 0 m 2 Sola r 
:  25,00 0 Ch p +  19,00 0 Win d +  27,00 0 Sola r 

,00 0 Maintenanc e  :  2,00 0 Own  Capita l  :  35,50 0 Yearl y benefi t  : :  17,40 9 NPV : -187 5 

Configuratio n C 
Tota l  Cos t  :  99 , 

:  6 0 K W Ch p +  6 0 K W Win d +  25 0 m 2 Sola r 
,00 0 Maintenanc e  :  2,00 0 Own  Capita l  :  4900 0 Yearl y benefi t  : 1742 2 NP V :  • -175 9 

Configuratio n D  :  4 0 K W Ch p +  7 5 K W Win d +  30 0 m 2 Sola r 
Equipmen t  Cos t  :  16,00 0 Ch p +  53,00 0 Win d +  41,00 0 Sola r 
Tota l  Cos t  :  110,00 0 Maintenanc e  :  2,00 0 Own Capita l  :  55,00 0 Yearl y benefi t :  1498 0 NPV : -1499 0 

NOTE :  Fo r  al l  simulatio n abov e  th e  followin g financia l  dat a  wer e  use d :  Discoun t  rat e  :  15% , 
Deprec .  Pla n :  1 0 years .  Loa n repaymen t  5  years . 

Tabl e  4 .  Sensitivit y  analysi s  fo r  optimu m configuratio n (10 0 K W Ch p + 
15 K W Win d +  15 0 m 2 Solar) . 

10 % mor e  hea t  an d electricit y 
NPV :  10,20 4 
Yearl y benefi t  :  19,77 5 

20 % mor e  hea t  an d electricit y 
NPV :  10,63 3 
Yearl y benefi t  :  20,09 6 

10 % mor e  cos t 
NPV :  879 8 
Yearl y benefi t  :  1745 5 

20 % mor e  cos t 
NPV :  809 0 
Yearl y benefi t  :  1695 0 

10 % les s  hea t  an d electricit y 
NPV :  7,58 3 
Yearl y benefi t  :  19,25 0 

20 % les s  hea t  an d electricit y 
NPV :  5,92 8 
Yearl y benefi t  :  18,72 8 

10 % les s  cos t 
NPV :  11,52 9 
Yearl y benefi t  :22,70 0 

20 % les t  cos t 
NPV :  12,13 5 
Yearl y benefi t  :  2427 6 

NOTE :  Fo r  al l  financia l  analysi s  th e  followin g dat a  wer e  use d :  (a )  Electricit y  pric e  -  4c/KWh , 
(b )  Off-pea k electricit y  =  4c/KWh ,  (c )  Boile r  Fue l  =  1.2 5 c/KWh , 
(d )  Ch p Fue l  =  0.95c/KWh . 
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UTILIZATIO N O F LO W GRAD E ENERG Y SOURCE S FO R AIR-CONDITIONIN G 

USIN G SOLID-DESICCAN T MATERIA L 

Y. CARMI , E. KORI N and I. BORD E 
Ben-Gurio n Universit y of the Negev, P.O . Box 1025, Beer-Shev a 84110, Israe l 

ABSTRAC T 

A solid-desiccan t open-cycl e system for  cooling and air-conditionin g is an attractiv e mean s for  utilizin g low-
temperatur e energy , such as solar , geotherma l or  wast e heat , and for  reducin g the consumptio n of conventiona l 
energy . 

Th e aim of thi s work is to stud y the kinetic s of hea t and mas s transfe r  in a dehumidifie r  with paralle l sheet s 
coate d with a thin layer  of sorben t We have develope d a theoretica l mode l which account s both for  Knudse n 
and for  surfac e diffusion of moistur e within the particle . An experimenta l system for  validatio n testin g of the 
theoretica l mode l was constructe d containin g sheet s 610x250x1 mm in size coated with silica gel (0.22 mm) . 
The outle t air  temperatur e and humidit y were recorde d and determine d as a functio n of time . In genera l ther e is 
reasonabl e agreemen t between the theoretica l and experimenta l data . 

KEYWORDS : 

Air-conditioning ; dehumidifier , intraparticl e diffusion ; silica gel; solid desiccant ; solar  energy ; waste heat 

INTRODUCTIO N 

Durin g the pas t two decades , variou s open and closed cycles based on a solid desiccan t dehumidifie r  have been 
extensivel y investigate d for  cooling and air  conditionin g applications . In compariso n with th e vapo r 
compressio n system drive n by electrica l energy , the solid desiccan t system offer s the possibilit y of utilizin g 
variou s energ y source s such as wast e heat , solar  energy , and natura l gas. As compare d with a liquid-ga s 
adsorptio n system it has the advantag e of simplicity , low maintenanc e requirements , and reliability . 

Man y solid-desiccan t open-cycl e system s (ventilation , recirculatio n or  Dunkl e mode ) compris e thre e basi c 
components : an evaporativ e cooler , a sensibl e heat exchanger , and a dehumidifier . The air-hea t exchanger s and 
evaporativ e cooler s availabl e toda y can be modifie d to operat e successfull y in thes e application s however , 
commerciall y availabl e dehumidifiers , i.e., packe d bed type , have the disadvantag e of a high pressur e dro p and 
high resistanc e to mas s transfe r  (Clar k et  al,  1981, Perassa n et  al,  1987, Biswas et  al,  1984). 

Since the performanc e of the dehumidifie r  has a significan t effect on the overal l COP in any thermodynami c 
cycle, a grea t dea l of effor t is currentl y bein g devote d to developin g dehumidifier s which fulfill the specia l 
requirement s of air-conditionin g applications . Generally , ther e ar e two ways of improvin g performance : a) by 
improvin g the propertie s of the solid desiccant ; and b) by improvin g the design parameter s and operatin g 
conditions . Researc h has been conducte d in both direction s at th e Energ y Laborator y of Th e Institute s for 
Applied Research . 
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Amon g the variou s idea s proposed , the concep t of air  flow throug h paralle l sheet s coate d with a thin layer  of 
sorben t is considere d one of th e most promisin g (UCL A concept) . It s main advantage s ar e tha t it is 
characterize d by a smal l pressur e dro p and a low resistanc e to hea t and mas s transfe r  (Biswas et al., 1984, 
Kravchi k et al., 1988). We therefor e adopte d thi s concep t in our  R& D project . Most kineti c studie s on mas s 
and heat transfe r  based on the UCL A concep t neglect the solid-side heat and mass transfe r  resistance s (Biswas et 
al,  1984, Kravchi k et  al,  1988, Kravchi k et  al,  1990). 

On e of the most importan t design parameter s in thi s concep t is the averag e particl e size of the sorben t material . 
As the particl e size increase s the mass of solid desiccan t in the system and its adsorptio n capacit y increase ; on 
the other  hand , the solid-sid e resistanc e increase s and the mass and heat transfe r  rat e decrease . In orde r  to stud y 
thi s importan t effect a reliabl e theoretica l mode l which consider s both gas- and solid-sid e resistance s is needed . 
The aim of thi s work is to develop reliabl e theoretica l model s for  hea t and mas s transfe r  in the UCL A concep t 
allowin g for  both Knudse n and surfac e diffusion of moistur e within the solid. 

The pape r  present s the theoretica l model , the experimenta l system for  validatio n testing , and experimenta l 
results . 

MATHEMATICA L FORMULATIO N 

Th e mode l for  the predictio n of the transien t hea t and mass transfe r  processe s in the bed is base d on the 
following assumptions : 
a) The bed is adiabati c - The heat transfe r  at the sides of the bed ar e neglected . 
b) Th e air  velocity alon g the bed is constan t and uniform . 
c) The air  humidit y and temperatur e depen d only on directio n of flow. 
d) Diffusion and conductio n in the directio n of flow ar e negligible . 
e) The processe s in the bed ar e quasi-steady-state . 
f) Th e Nusselt and Sherwoo d number s ar e equa l (NuDh = Shoh = 7.54) in a lamina r  regim e flow. 

g) The diffusion of moistur e within the particl e ar e characterize d by both surfac e and Knudse n diffusion . 

h) Ther e ar e no temperatur e gradient s in the solid particle . (Bj < 0.1). 

i) Th e temperatur e of the sheet s is the same as temperatur e of the solid particles . 

The energ y balanc e in the air  strea m ig given by; 

3 T _ 2 h c( T s- T ) 

az c pg p g B U 

(1 ) 

wher e T, T s ar e respectivel y the temperatur e of the air  and of the solid particle , h c is the convectiv e hea t 
transfe r  coefficient , Â is the distanc e between the plates , U is the air  velocity, Cpg , pg ar e the specific hea t 
and densit y of the gas, and Æ is a longitudina l coordinat e (in the directio n of the flow). 

The mass balanc e of the water  vapor  in the air  strea m is given by: 

3Y 2 Ê , ( Õ „ - Õ ) 

8Z "  Â p g U K L) 

wher e Y is th e air  humidit y ratio , Yeq is the humidit y of air  in equilibriu m with the solid desiccant , and Kg is 
the gas-side mass transfe r  coefficient . 

The energ y conservatio n within the desiccan t felt is expresse d as: 

oT s 2 K gH a d s( Y - Y e q) - 2 h c( T s- T ) 

at 2 n d sg p sg + 6 s s P s sc s s 
(3 ) 

wher e H ad s is the hea t of adsorption , Ù the volum e fractio n of silica gel in the desiccan t film, d Sg the particl e 
diameter , p s g the densit y of the silica gel on a wet basis , and d ss , p s s, C ss ar e the thickness , densit y and 
specific heat of the plate , respectively . 



403 

De ff =  D s, e f f+ — w (6) 

wher e X is the silica gel water  conten t and r  is the particl e radiu s 

Boundar y and initia l condition s 

T ( 0 , t ) = T in (lb ) 

T s(z,0) = T s, 0 (3i) 

Y(0,t) = Yin (2b) 

X(z,0) = Xo (7i) 

^ l x = 0 = 0 ( 7 ^ ) 

"Ps g Def f  ̂  I r=R = KgiYe q "  Y )  (7b 2) 

In additio n ther e is an equilibriu m vapor  pressur e relation : 

Yeq = Yeq [×,Ô,Ñ] (14) 

Metho d of Solutio n 

Equauon s (1), (2), (3), (7), (14) ar e five equation s in the unknown s T, T s, Y, Yeq, and X respectivel y within 
the boundar y and initia l conditions . For  numerica l solution equation s (1), (2), (3) wer e expresse d by a fourth -
orde r  Runge-Kutt a Schem e and solved simultaneously , while equatio n (7) was expresse d by the Crank -
Nicholson Scheme . 

EXPERIMENTA L SYSTE M AND PROCEDURE S 

A schemati c descriptio n of the experimenta l system is given in Fig. 1. Th e experimenta l dehumidifie r  is 250 
÷ 88 mm in cross-sectio n and 610 mm in length . To minimiz e side effects and approximat e adiabati c 

Conservatio n of water  in the desiccan t particl e is describe d bv: 

The effective Knudse n diffusion coefficient is: 

Dk,eff = ^ 2 2 . 8 6 a T 1 /2 (4) 

wher e £p is the particl e porosity , Tg the tortuosit y factor  for  intraparticl e gas diffusion , and a is the averag e 
por e radius . 

The effective surfac e diffusion coefficient is: 

D,^f f=~Exp[-iiIWRT l  (5) 

wher e T s is the tortuosit y factor  for  intraparticl e surfac e diffusion and R is the H2O gas constant , D 0 and ì  ar e 
constan t parameters . 

The overal l effective diffusion is (Pesara n et al., 1986): 

Dk,eff dY 
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operationa l condition s the system was insulate d on all sides with polystyrene . Thi s system can accommodat e 
19, 25 or  35 sheet s 610 ÷ 25 ÷ 1 mm in size, with 1 mm intervals  betwee n the sheets . The sheet s were mad e 
of 1.0 mm thick polycarbonat e panel s coated on both sides with fine silica gel particles . The silica gel was 
supplie d by BDH Chemica l Ltd . (Cat . no. 300614T), and had an averag e por e radiu s of 11 A .  Th e materia l 
was sieved and only the 0.20-0.25 mm fractio n was used . Th e particle s were glued to the polycarbonat e sheet s 
with a silicon rubbe r  adhesive . 
The following operationa l condition s of the bed can be regulate d independently : air  flow rate , temperatur e and 
humidit y of inlet . Th e flow rat e was adjuste d by an air  contro l valve and measure d by an air  rotamete r  (Fisher 
& Porte r  Company) . A 2 kW electrica l air  heate r  equippe d with a voltag e regulato r  was used to obtai n the 
desire d air  temperature . The require d relativ e humidit y at the bed inlet was regulate d by a wet Raschig-rin g 
column humidifie r  or  by one of the compresse d air  filter-driers  supplie d by Thoma s Scientifi c Ltd . Both the 
relativ e humidit y and the temperature s at the inlet and outle t were measured . Relativ e humidit y was measure d 
(±1.5% ) by capacit y thin film sensor s C80 Hygrome r  Rotronic) . The sensor s wer e periodicall y calibrate d 
agains t standar d salt solutions . Each prob e elemen t was also equippe d with a PtlO O resisto r  sensor  which 
enable s simultaneou s measuremen t of the air  temperatur e with an accurac y of ±0.5°C. 

FILTER/DRIE R 

HUH IDIT V/TEHPER 
PROBE 

J  · - THERMOCOUPLE 
I TB - THERMOSTATIC BAT* 
I AR - AIR ROTAMETER 

PLATES 
COATED 
WITH 
SILICA 8 EL 

Fig. 1. Schemati c descriptio n of the experimenta l system 

RESULT S AND DISCUSSIO N 

Fig.s 2, 3 and 4 compare s representativ e breakthroug h curve s as predicte d by the theoretica l mode l with the 
experimenta l results . It can be seen tha t for  low relativ e humiditie s (Figs. 2) the matc h betwee n the 
theoretica l mode l and the validatio n test result s is generall y good; however  as the relativ e humidit y increase s 
the degre e of agreemen t decrease s (Fig. 3, 4). Thi s effect may be attribute d in the main to the equilibriu m 
relation , which we found to be satisfactr y up to a level of 45 %  relativ e humidity . Thi s poin t is currentl y 
studie d with a view to improvin g the theoretica l model . 

Vln=0 00593(kg/kg ) 

U = 0 . 5 ( m / s ) 
L = 0 . i ( m ) 
w ( 0 ) = 0 . 0 7 9 5 ( k g / k g ) 

40 60 È0 10 0 12 0 

EXPERIMEN T AL 

THEORETICA L 

0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 10 0 11 0 12 0 
TIME(mln ) 

Fig. 2. Compariso n between experimenta l measurement s and theoretica l result s a) outle t 
air  humidit y time b) outle t air  temperatur e time (RH = 40% ) 
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Y1n=0.00929(kg/kg ) 

U=0.5(m/s ) 
L=0.6(m/$ ) 
W(0)=0.027<kk/kg ) a 

• EXPERIMENTA L 
^ T H E O R E T I C A L 

Tlnr2 3 4( c) RH:50* 

0 10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 10 0 11 0 12 0 

TIME(mln ) 

Fig. 3. Compariso n betwee n experimenta l measurement s and theoretica l result s a) outle t 
air  humidit y time b) outle t air  temperatur e time (RH = 50% ) 
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EXPERIMENTA L 

-THEORETICA L 

Tin=25(c ) RH=80 X 

0 10 2 0 3 0 4 0 5 0 6 0 70 8 0 9 0 

TIME(mln ) 

10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 

TIME(mtn ) 

Fig. 4. Compariso n between experimenta l measurement s and theoretica l result s a) outle t 
air  humidit y time b) outle t air  temperatur e time (RH = 80% ) 

SUMMAR Y AND CONCLUSION S 

A computerize d simulatio n mode l for  studyin g the kinetic s of heat and mas s transfe r  in dehumidifier s 
consistin g of paralle l sheet s coated with solid desiccan t materia l was developed . Validatio n testin g of the 
mode l was carrie d out using experimenta l dat a correspondin g to silica gel as the sorben t material . The mode l 
can be improve d by using mor e accurat e thermophysica l propertie s of the sorben t materia l tha n ar e currentl y 
availabl e in the literature . Th e mode l will be used to stud y the role of the particl e size of the solid desiccan t 
materia l (such as silica gel, zeolites, etc.) and particularl y for  preliminar y evaluatio n of the performanc e of 
new sorben t material s now unde r  developmen t in our  laboratory . 
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Liqui d Deaiccant a  fo r  Lo w Energ y Regeneratio n 
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Abstrac t 

Liqui d absorbent s  whic h sho w promis e  fo r  sola r  applicatio n includ e  aqueou s 
solution s  o f  Lithiu m Chlorid e  ,  Lithiu m Bromid e  ,  an d Calciu m Chlorid e  ,  a s 
wel l  a s  Glycol s  o f  th e  Ethylen e  glyco l  grou p .  T o achiev e  goo d 
dehumidificatio n regeneratio n o f  th e  wea k solutio n shoul d tak e  plac e  a t 
abov e  8 0 deg .  C  .  Th e  purpos e  o f  thi s  pape r  i s  t o  experimentall y  measur e 
th e  vapou r  pressur e  o f  a  mixtur e  o f  tw o salt s  a t  differen t  molalitie s  a t 
constan t  tota l  ioni c  strengt h .  Th e  drivin g forc e  fo r  dehumidificatio n an d 
regeneratio n ha s  bee n calculate d an d compare d wit h a  solutio n o f  Lic l  onl y 
at  th e  sam e  ioni c  strengt h .  A n increas e  o f  16.115 % ha s  bee n observe d fo r  a 
solutio n havin g 0. 5 mole s  Mgcl ^  an d 15. 5 mole s  Lic l  upo n a  solutio n o f  1 7 

mole s  Lic l  onl y fo r  th e  regeneratio n process . 

Introductio n 

Open-cycl e  desiccan t  coolin g system s  offe r  a  potentiall y  promisin g 
alternativ e  t o  th e  Absorptio n an d Rankin e  typ e  method s  o f  sola r 
air-conditionin g (1 )  . 
The  coolin g capacit y  o f  a n open-cycl e  absorptio n coolin g syste m i s  uniquel y 
determine d b y th e  amoun t  o f  wate r  evaporate d fro m th e  wea k solutio n .  Ther e 
ar e  differen t  kind s  o f  regeneratio n equipment s  ,  tw o o f  whic h bee n highl y 
investigate d b y man y scientist s  ,  th e  ope n collector/regenerato r  an d th e 
packe d be d .  Th e  ope n collector/regenerato r  hav e  bee n carefull y  analyze d 
(2,3 )  fo r  th e  us e  o f  regeneratin g th e  wea k solutio n i n  a n open-cycl e  .  Th e 
performanc e  o f  packe d column s  hav e  bee n thoroughl y investigate d i n  serie s 
of  paper s  b y Shulma n (4) .  Th e  us e  o f  a  packe d colum n i n a n open-cycl e  a s  a 
dehumidifie r  an d regenerato r  hav e  bee n investigate d b y Facto r  (5 )  . 
The  regeneratio n efficienc y i n  a  continuou s  open-cycl e  ,  regardles s  o f  th e 
hea t  inpu t  t o  th e  syste m b y sola r  energ y o r  othe r  mean s  o f  energ y ,  i s  th e 
percentag e  o f  th e  amoun t  o f  wate r  remove d t o  th e  amoun t  o f  wate r  bee n 
absorbe d i n  th e  dehumidi f  ie r  .  Mas s  transfe r  i s  highl y dependen t  upo n th e 
differenc e  i n  th e  pressur e  o f  wate r  i n  th e  ai r  an d o n th e  surfac e  o f  th e 
solutio n .  Concentration s  o f  LiB r  solution s  rangin g fro m 4 5 wt % t o 6 0 wt % 
bee n investigatedb y Patnai k (6 )  .Th e  condensatio n o f  wate r  vapou r  fro m th e 
ai r  wa s  reduce d whe n usin g wea k solutio n an d th e  evaporatio n o f  wate r  fro m 
th e  solutio n i n  th e  regeneratio n proces s  decrease s  wit h increasin g solutio n 
concentratio n .  Th e  presen t  stud y concentrat e  o n th e  vapou r  pressur e  o f  th e 
ternar y syste m Water-Magnesiu m Chloride-Lithiu m Chlorid e  an d th e  ternar y 
syste m Water-Calciu m Chloride-Lithiu m chlorid e  an d th e  effec t  o f  thos e 
system s  o n mas s  transfe r  drivin g forc e  . 

40 6 
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Vapou r  pressur e  o f  Lic l  solutio n 

Vapou r  pressur e  o f  LiC l  solutio n fo r  differen t  concentration s  a t 
temperature s  rangin g fro m 2 5 deg .  C  t o  10 0 deg .  C  ha s  bee n measure d an d a 
compariso n betwee n ou r  dat a  an d Uemur a  (7 )  ar e  show n i n Figur e  CI )  .  A n 

equatio n o f  th e  for m : 

Log(kPa )  =  A  +  (1 ) 

Ñ :  Vapou r  pressur e  i n  k  P a 

Ô :  Temperatur e  i n  Deg .  Ê 

A =  6.71998 5 +  0.0136881 5 X  -  0.000302780 1 X 2 

Â =  -1593.13 2 -  1.73604 2 X  -0.0588401 3 X 2 

X :  Concentratio n o f  LiC l  wt % 

afte r  Antoin e  (8 )  wa s  chose n t o  fi t  th e  dat a  .  Th e  constan t  C  bee n chose n 
t o  b e  -45.10 7 (9 )  .  Thi s  par t  o f  th e  experimen t  i s  t o  chec k fo r  th e 
reliabilit y  o f  th e  syste m .  Th e  mea n deviatio n fro m Uemura' s  dat a  wa s 
rangin g fro m 1. 1 kP a  fo r  10 % solution !  t o  0.0 5 kP a  fo r  40 % solutio n . 

Selectio n o f  concentratio n 

Lic l  solutio n wit h concentration s  rangin g betwee n 3 8 an d 4 2 wt % bee n use d 
i n  absorptio n refrigeratio n machine s  (7 )  ,  1 7 mole s  Lic l  solutio n ha s  th e 
concentratio n o f  41.88 % an d a  tota l  ioni c  strengt h o f  1 7 .  Th e  ioni c 
strengt h i n  define d 

I  =  . 5 Å m .  z ?  (2 ) 
i 

I  :  Ioni c  strengt h 
m.  :  Molalit y  o f  io n i 
z^  :  Numbe r  o f  charge s  o n io n i 

A tota l  ioni c  strengt h o f  1 7 ha s  bee n chose n i n  thi s  stud y .  Molalit y  ran g 
fo r  M g c ^  an d C a c ^  i s  betwee n 0. 5 an d 3. 5 mole s  whic h accordin g t o  th e 

constan t  tota l  ioni c  strengt h Lic l  molalit y  wel l  b e  rangin g betwee n 15. 5 
an d 6. 5 mole s  .  Equatio n (3 )  i s  use d t o  contro l  th e  molalitie s  . 

17 =  3  ÷  Mgcl 2 molalit y  +  Lic l  molalit y  (3 ) 

Vapou r  pressur e  o f  nixe d salt s 

The  vapou r  pressur e  o f  a  ternar y syste m ha s  bee n discusse d b y man y 
scientists .  Robinso n (10 )  propose d a  metho d wher e  th e  vapou r 
pressur e  lowerin g o f  a n aqueou s  solutio n containin g tw o salt s  A 
an d Â  ca n b e  compounde d additivel y fro m th e  vapou r  pressur e 
lowerin g o f  a  solutio n containin g th e  sal t  A  alon e  an d anothe r 
solutio n containin g th e  sal t  Â  alone .  Th e  additivit y  rul e  require s 
tha t  w e  us e  th e  vapou r  pressur e  lowerin g per * mol e  o f  sal t  a t  th e 
tota l  ioni c  strengt h o f  th e  mixe d solution .  H e  als o report s 
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th e  vapou r  pressur e  o f  si x  differen t  combinatio n o f  salt s  mixture s  a t  2 5 
deg .  C  experimentall y  an d b y th e  additivit y  rul e  ,  th e  percentag e 
difference s  wer e  rangin g fro m 0. 1 t o  2.2 % . 
Sak o (9 )  reporte d th e  vapou r  pressur e  o f  ternar y aqueou s  solutio n 
containin g 1.05 7 mole s  MgCl g an d 2.90 5 mole s  CaCl g fo r  temperature s  rangin g 

fro m 4 9 t o  12 5 deg .  C  .  H e  use d a  metho d propose d b y Teruy a  (11 )  t o 
calculat e  th e  vapou r  pressur e  fo r  compariso n ,  th e  percentag e  difference s 
wer e  8.95 % a t  4 9 deg .  c  an d 2.24 % a t  12 5 deg .  C  .  Ou t  o f  thi s  w e  fin d i t 
necessar y t o  experimentall y  evaluat e  th e  vapou r  pressur e  o f  th e  ternar y 
aqueou s  solutio n i n  questio n .  Tabl e  (1 )  show s  th e  solubilit y  o f  Mgcl g an d 

Cacl 2 i n  solution s  o f  Lic l  (12 )  ,  i t  als o show s  i t  i n  molalit y  scal e  .  Th e 

experimenta l  vapou r  pressur e  dat a  ha s  bee n fitte d t o  equ .  (1 )  wit h A  an d Â 
ar e  function s  o f  molalit y  . 

For  Mgc^Lic l  solution s  . 

A =  6.88925 5 +  0.0468505 4 Ì  -  0.0161620 7 Ì 2 

Â =  -1803.04 7 +  15.5932 2 Ì  -  3.87445 5 Ì 2 

Ì  :  Mgcl g molalit y  rangin g fro m 0. 5 t o  3. 0 

For  Ca c  Lic l  solution s 

A =  6.98370 5 -  0.0468505 4 Ì  -  0.0161620 7 Ì 2 

Â =  -1811.35 7 +  14.1415 4 Ì  +  8.4815 2 Ì 2 

Ì  :  Cac ^  molalit y  rangin g fro m 0. 5 t o  3. 5 

Tabl e  (2 )  show s  th e  experimenta l  vapou r  pressur e  o f  Mgc^Lic l  solution s 

compare d wit h th e  calculate d b y th e  additivit y  rul e  an d tabl e  (3 )  show s  i t 
fo r  Cac1 9,Lic l  solution s  . 

Mass  transfe r  approac h 

The  drivin g forc e  behin d th e  transfe r  o f  an y substanc e  A  fro m on e  medi a  t o 
anothe r  i s  th e  differenc e  i n  concentratio n o f  A  betwee n th e  tw o media s  .  I n 
a  desiccan t  syste m A  i s  wate r  vapou r  i n  th e  ai r  tha t  nee d t o  b e  absorbe d i n 
th e  dehumidificatio n proces s  .  I n  th e  regeneratio n o f  th e  desiccan t  wate r 
nee d t o  b e  evaporate d t o  concentrat e  th e  desiccan t  fo r  reus e  .  I n  bot h 
processe s  th e  matte r  i s  th e  differenc e  i n  wate r  vapou r  pressur e  . 
Introducin g equ .  (4 ) 

^  -  1-Pvg/P t  ( 4) 

IHDF :  lo g mea n drivin g forc e 
Pvl  :  solutio n vapou r  pressur e 
Pvg :  wate r  vapou r  pressur e  i n  th e  ai r 
Pt  :  tota l  pressur e 

I f  IHD F i s  +v e  the n th e  wate r  wel l  b e  transferre d fro m th e  ai r  t o  th e 
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solutio n an d vic e  vers a  .  I n  othe r  wor d i f  th e  solutio n pressur e  i s  lowe r 
tha n th e  wate r  vapou r  pressur e  i n  th e  ai r  the n th e  ai r  wel l  b e  dehumidifie d 
,  an d i f  th e  solutio n vapou r  pressur e  i s  highe r  tha n th e  wate r  vapou r 
pressur e  i n  th e  ai r  th e  solutio n wel l  b e  regenerate d . 
I f  w e  conside r  a  syste m o f  1 7 mole s  Lic l  solutio n a t  2 5 deg .  C  an d ai r  a t 
35 deg .  C  wit h 0.01 5 k g waterA g ai r  specifi c  humidit y 
th e  I21D F =  0.0178 8 .  I f  w e  hea t  u p th e  sam e  solutio n t o  7 0 deg .  C  ,wit h th e 
sam e  ai r  ,  th e  I21D F =  -0.0447 6 .  No w i f  w e  chos e  a  solutio n o f  0. 5  mole s 
Mgcl2+15. 5 mole s  Lic l  fo r  th e  sam e  condition s  abov e  ItfD F =  0.01741 4 fo r 

dehumidificatio n an d U1D F =  -0.0721 2 fo r  regeneratio n .  Th e  percentag e 
decreas e  i n  th e  drivin g forc e  fo r  dehumidificatio n i s  2.605 % an d th e 
percentag e  increas e  i n  th e  drivin g forc e  fo r  regeneratio n i s  16.116 % . 
I f  w e  conside r  a  solutio n o f  0. 5  mole s  Cacl2+15. 5 mole s  Lic l  fo r  th e  sam e 

condition s  th e  decreas e  i n  IUD F fo r  dehumidificatio n wel l  b e  5.135 % an d th e 
increas e  i n  LMDF fo r  regeneratio n wel l  b e  25.166 % ,  an d a  solutio n o f  15. 5 
mole s  Lic l  onl y fo r  th e  sam e  condition s  ,  th e  decreas e  i n  LUDF comparin g 
wit h 1 7 mole s  Lic l  wel l  b e  6.824 % ,  an d th e  increas e  wel l  b e  22.7 % . . 
Therefor e  addin g an y amoun t  o f  M g c ^  o r  C a c ^  t o  Lic l  solutio n wel l  chang e 

th e  slo p o f  th e  pressur e  curv e  an d result s  i n  highe r  pressur e  a t  highe r 
temperatur e  whic h i s  show n i n Figur e  (2 )  . 
Any othe r  paramete r  influenc e  th e  mas s  transfe r  i s  relate d t o  th e  mas s 
transfe r  characteristi c  o f  th e  equipmen t  use d ,  th e  ai r  an d solutio n flo w 
rate s  ,  th e  ai r  temperatur e  ,  an d th e  solutio n temperatur e  . 

Conclusio n 

The  open-cycl e  coolin g syste m i s  highl y influence d b y th e  kin d o f  absorben t 
use d an d it s  dehumidificatio n an d regeneratio n characteristi c  .  On e  o f  th e 
most  importan t  paramete r  i n  selectin g a  liqui d absorben t  i s  it' s  vapou r 
pressur e  lowerin g .  Usin g a  mixtur e  o f  tw o salt s  havin g differen t  vapou r 
pressur e  characteristi c  appear s  t o  b e  feasibl e  an d offer s  advantage s  ove r 
on e  salt s  solutio n .  A  mixtur e  o f  tw o salt s  offer s  th e  choic e  o f  selectin g 
differen t  molalit y  combinatio n accordin g t o  th e  climat e  conditio n .  whethe r 
i t  i s  ho t  an d dr y o r  ho t  an d humi d ,  al l  i n  relatio n wit h th e  vapou r 
pressur e  behavio r  o f  th e  mixe d sal t  solutio n . 
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Fig  (1) 

Experimenta l Vapou r Pressur e  Of LiCI Solution s 

Temperatur e  (Deg . C) 

— Thi s  wor k 
* Referenc e  (7) 
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Solulibit y Of Ì  gel , 
Tabl e  (1) 

AndCac I In Solution s  Of Lic l 
2 

Licl Mgcl2 Licl Mgcl2 Licl Cacl 2 Licl Cacl 2 

wt% wt% Moles Moles Wt% wt% Moles Moles 
454 6 0.0 0 1941 3 aoo o 46.1 6 aoo 2041 6 746 9 

43.1 0 _ 2 4 B _ 0.52 0 424 4 3.78 18.66 3 7.60 8 

40.0 0 5.78 17.40 2 1.12 0 414 2 5.46 1844 8 547 1 

38.0 0 64 9 1&294 1.33 4 394 3 84 0 1743 6 347 3 

35.4 0 8.32 14,83 7 145 2 344 7 12.1 3 15.59 3 347 4 

334 » 9.3 4 _ 1448 6 JK72 8 _.._2641 „ 174 2 12.26 0 244 8 

2»4 0 13.7 0 12.12 5 242 4 24.7 2 204 1 1044 6 2.06 6 

22.0 0 18.0 0 8.65 0 3.15 1 19.4 8 24.6 4 8223 1.42 6 

18.9 0 20.0 0 7.29 6 3.43 8 84 » 36.6 6 3.41 9 042 7 

Ë4 0 3.130 _ 449 5 3.08 42.4 7 143 4 043 4 

0. X 36.4 0 040 0 5.75 6 0.00 464 8 040 0 040 0 

Tabl e  (2) 

Vapou r Pressur e  Of Mgcl^Lic I Solution s  At Rounde d Temperature s 

Molalit y 

MgCI 2 0.5 
LICI 15.5 

1,0 
14.0 

1.5 
12.5 

2.0 
11.0 

2.5 
9.5 

3.0 
8.0 

_T(K) 
288.1 6 
313.1 6 
328.1 6 
343.1 6 
378.1 5 
373.1 5 

298.1 6 
313.1 5 
328.1 6 
343.1 6 
358.1 6 
373J 5 

298.1 5 
313.1 5 
328.1 5 
343.1 5 
368.1 5 
373.1 5 

296.1 6 
313.1 5 
328.1 5 
343.1 5 
368.1 5 
373.1 5 

298.1 5 
313.1 5 
328.1 5 
343.1 5 
358.1 5 
373.1 5 

298.1 5 
313.1 5 
328.1 5 
343.1 5 
358.1 5 
373.1 5 

P (kPa r 
04371 9 
14904 2 
34026 6 
74168 6 
14415 6 
26.741 6 

04934 6 
1.7266 3 
34025 0 
8.1267 3 
15.770 8 
28407 9 

0.7482 2 
14600 8 
4.1987 2 
8.7319 5 
16428 9 
30492 7 

04003 9 
14687 6 
4.4871 1 
9.3278 1 
18.077 3 
32477 1 

2.1102 2 
4.7631 5 
94053 8 
19.203 3 
35.041 8 

04926 0 
2.2221 4 
5.0223 0 
10.456 5 
20.293 2 
37.086 3 

P(kPa ) ** 
04444 7 
14793 9 
34201 4 
7.2381 0 
13490 2 
26.114 4 

0.6987 6 
1.7059 4 
3.7895 1 
7.7Ã — 
14 

a7530 3 
14324 9 
8.2996 9 
15448 5 
28427 1 

04073 2 
14690 5 

8.8304 7 
1&8276 
30433 6 

04616 0 
2.0856 0 
44976 3 
94612 6 
17406 7 
314 

04158 8 
2.2121 5 
44670 0 
94920 5 
18.785 8 
33.646 2 

* Smoothe d values 
** Calculate d using the additivit y rule 
Mean deviation = 0.629 (k Pa) 

dev . 
0.00 7 

ao n 
04)8 2 
047 8 
0.72 5 
142 7 
0.00 5 
0.02 0 
0.11 3 
046 6 
040 1 
146 7 
04)0 4 
042 7 
0.13 9 
0.43 2 
146 0 
246 6 

0.00 7 
042 9 
0.15 8 
0.49 7 
144 9 
2.74 3 

0.01 2 
042 4 
0.16 6 
044 4 
149 6 
3.10 2 

0.02 3 
0.00 9 
0.15 5 
046 4 
140 7 
3.42 0 
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Table(3 ) 
Vapou r Pressur e  Of CaCI 2,LiCI SolutionsA t Rounde d  Temperature s 

Molalit y Ã T(K) P(kPa ) P(kPa) * Dev . 
298.1 5 0.682 7 0.663 2 0.02 9 
313.1 6 1.709 2 1.608 2 0.10 1 

w a l » l 2 0.5 328.1 6 3482 6 3.599 1 028 3 

UCI 15 5 343.1 5 8.120 2 7.427 2 0.69 3 
35B.1 5 15.82 3 1449 8 142 5 
373.1 5 29.00 9 2542 7 3.07 3 
298.1 6 0.710 6 0.716 2 0.00 6 

1.0 
313.1 6 1.767 5 1.763 7 0.00 3 

1.0 328.1 5 3990 0 3447 5 044 3 

14.0 343.1 5 8400 2 6.147 1 0.16 3 14.0 
368.1 6 16.09 4 15j6B8 0.40 8 
373J6 _ _ 2847 3 26.44f t 
296.1 5 0.755 1 0.779 3 042 4 
313.1 5 1.880 7 1419 1 046 8 

1.5 328.1 5 4.167 2 041 3 
343.1 5 8406 1 8467 1 046 2 

12.5 368.1 5 1647 6 1747 4 0.49 8 
373.1 5 30.07 4 3046 5 0Ë6 1 
298.1 5 0418 3 0442 3 042 4 
313.1 5 1494 0 2.074 6 048 1 

2.0 328.1 5 4.421 3 4444 3 042 3 
11 Ù 343.1 5 9.046 4 9487 0 043 8 
I I .U 356.1 5 1 7 » 18.46 2 1.17 3 

373.1 5 31.13 7 33.48 4 244 7 
298.1 6 0404 6 0405 3 400 7 

2.5 
313.1 5 2.175 2 2430 1 045 5 

2.5 328.1 6 4,766 1 4492 7 042 6 

9 5 343.1 6 9450 2 1040 7 046 7 
368.1 6 1846 2 1944 9 148 7 
373.1 6 .. 3JJ.60 Q 36.00 3 3Ë0 3 
296.1 5 1.020 2 0.968 3 0.05 2 
313.1 5 2.415 6 2486 5 043 0 

3.0 328.1 5 5420 1 5441 1 0.12 1 

8.0 343.1 5 10.43 9 11.02 7 048 8 
358.1 5 1943 3 2143 7 1.70 4 
373.1 6 3441 5 3842 2 440 7 
298.1 6 1.173 9 1477 3 049 6 

3.5 
313.1 5 2.730 6 2440 6 0.18 9 

3.5 328.1 5 6408 9 5448 4 043 9 

6.5 343.1 5 11.46 3 11.74 6 049 3 6.5 
368.1 6 21.15 7 23.03 9 1.88 2 
373.1 5 36.95 2 41.04 1 4.06 9 

* Caculate d  usin g  th e  additivit y rul e 
Mean  deviatio n  = 0.77 4 k Pa 

Fig  (2) Vapou r Pressur e  Of Differen t Solution s 

l: . L .  I  .  I , I  ,  1 i_ J 

3.3 3.2 3.1 3 2.9 
Temperatur e  1 /T deg . Ê  (Time s  1E-3 ) 
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ABSTRACT : 

The  presen t  pape r  review s  th e  natur e  an d th e  mechanis m involv -

ed  i n  th e  productio n o f  auge r  electro n an d it s  relatio n t o  loca l  elect -

roni c  an d chemica l  environmen t  th e  shape s  an d postion s  o f  correspondin g 

spectr a  determin e  th e  chemica l  environmen t  a t  th e  sit e  o f  th e  initia l 

cor-ho l  o f  Auge r  electro n .  Measurment s  an d analysi s  o f  th e  energ y shi -

ft s  o f  th e  Auge r  peak s  togetne r  wit h oxyge n adsorptio n effec t  o n th e 

spectra l  distributio n o f  th e  emitte d Auge r  electron s  ar e  relate d t o  lo -

ca l  electroni c  densit y  o f  state s  . 

INTRODUCTION : 

The  wid e  rang e  o f  (AES )  usag e  mad e  i t  a  depedabl e  techniqu e 

fo r  researcher s  an d scientist s  t o  obtai n quantitativ e  elementa l  measur -

ment s  an d analysi s  .  Knowledg e  o f  chemica l  environmen t  change s  throug h 

change s  o f  Auge r  electro n spectr a  gav e  bette r  understandin g o f  pxydatio n 

mechanism s  o f  th e  surface s  o f  solid s  . 

Bein g a  tw o ^  electro n proces ,  fig .  1 ,  AE S i s  uniquel y distin -

guishe d fro m othe r  processe s  involvin g on e  electro n onl y ,  suc h a s  X  -

ra y photoelectro n spectroscop y (XPS )  .Bot h XP S an d processe s  ma y b e  ini -

tiate d b y eithe r  a n incomin g photo n o r  electro n .Scinc e  th e  fina l  stat e 

of  Au^erproces s  leave s  th e  syste m wit h tw o valence-hole s  compare d t o  on e 

valence-hol e  i n  XP S ,  thi s  tend s  t o  complicat e  th e  spectru m analysi s  ,o n 

t h  othe r  han d  ? a  preate r  surfac e  sensitivit y  o f  AF S compare d t o  XP S wa s 

41 3 
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bindin g energ y ,  Secondl y ,  th e  chang e  i n  th e  outhe r  electro n cofigura -

tio n upo n formatio n o f  th e  solid s  whic h i n  tur n mak s  significan t  diffe -

renc e  i n  cor e  leve l  bindin g energ y (9) . 

LINE SHAP E CHANGES; 

I t  i s  show n tha t  Auge r  electro n c,c,v ,  signa l  fro m a  meta l  sh -

oul d hav e  a  shap e  whic h i s  directl y  relatabl e  t o  th e  valenc e  ban d dens -

it y  o f  stat e  o f  th e  meta l  whil e  th e  lineshap e  o f  th e  c.v.v ,  signa l  sho -

ul d  depen d o n th e  self*convolutio n o f  th e  valenc e  ban d densit y  o f  stat e 

(10,11,1 2 )  . 

bee n give n (1^,14,15 ,16 ) .  Calculation s  mad e  b y severa l  researcher s  hav e 

show n tha t  a n independen t  electro n theor y togethe r  wit h th e  prope r  cal -

culatio n o f  th e  matri x  elemen t  fo r  Auge r  transitio n involved ,  lea d t o 

ver y goo d agreemen t  betwee n theoretica l  an d los s  correcte d experimenta l 

Si^L, W signal s  , 

I n  som e  case s  core-̂ valence-valenc e  (c.v.v )  spectru m o f  metal s 

do no t  hea r  simpl e  relationship s  t o  groun d stat e  valenc e  ban d densit y 

of  stat e  distributio n ,  Coppe r  i s  a n exampl e  o f  suc h materia l  a s  illus -

trate d i n  fi g  ,  (5) .  Bot h los s  correcte d L W an d M W line s  fro m coppe r 

hav e  bee n compare d wit h valenc e  ban d densit y  o f  stat e  an d bee n foun d 

distosted ,  On e  typ e  o f  distortio n i s  du e  t o  satellit e  Auge r  intensit y 

superumpose d o n th e  L , W lin e  a s  i n  fig ,  (5) . Thes e  distortion s  resulte d 

Silica n i s  a  materia l  t o  whic h mos t  theoretica l  attentio n ha s 
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th e  complicatio n involve d ma y b e  gaine d b y considerin g th e  energ y leve l 

diagra m i n fig .  (4) ?  I n  par t  (a J  level s  i.,i.k ,  ar e  asswne d t o  b e  cor e 

level s  wit h a  specifie d energ y value s  ,  E.  ,  ,  respectivel y  >whi -

c h ar e  measure d wit h respec t  t o  som e  referenc e  level .  I n  par t  (b )  on e 

electro n wa s  remove d fro m th e  i^ h core-leve l  ,  a s  a  resul t  Auge r  trans -

itio n (  core-core-cor e  )  denote d asi-j- k  transitio n woul d b e  occur .  Thi s 

transitio n woul d involv e  One  electro n i n  th e  j-leve l  droppin g dowe n i n 

energ y t o  fil l  th e  i-leve l  wit h th e  energ y mad e  availabl e  b y thi s  proc -

es s  bein g give n t o  a  secon d electro n i n  th e  k-leve l  .  I f  thi s  energ y i s 

sufficien t  th e  k-electro n wil l  escap e  th e  io n an d b e  detecte d a s  Auge r 

electro n , 

I n  th e  cas e  o f  multi^ato m syste m i n whic h w e  assum e  a n ato m a s 

i n  fig ,  0 0 , embeded ,  wit h energ y diagra m lik e  tha t  i n  par t  (c )  wher e 

th e  cor e  level s  i,j #k .  o f  th e  ato m appea r  relativel y narro w bu t  wit h 

differen t  energyvalue s  Fi,Ej,Ek ,  th e  chang e  inthes e  energ y level s  ar e 

chemicall y  induce d change s  tha t  on e  woul d lik e  t o  measur e  an d interpre t 

usin g core^leve l  spectroscopy .  Change s  i n  th e  cor e  level s  energ y ar e  du e 

t o  eithe r  sharin g o r  transfe r  o f  valenc e  ban d electron s  t o  brin g abou t 

th e  bondin g o f  th e  ato m t o it s  neighour s  ,  an d t b  th e  resultin g change s 

i n  theelectrostati c  potentia l  i n  th e  cor e  regio n o f  th e  ato m .  Eve n i n 

th e  formatio n o f  elementa l  solids ,  th e  valenc e  electron s  ar e  significa ^ 

ntl y  measured ,  bein g firs t  o f  al l  compresse d t o  a  sma l  volum e  o f  spac e 

calle d (Wigne r  Seit z  Cel l  1 whic h lead s  a  reductio n t o  th e  electro n 
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reporte d accompanie d wit h mor e  precisio n o f  sit e  specifit y  o f  valenc e 

densit y  o f  stat e  (2) . 

I n  thi s  revie w emphasi s  o n electroni c  an d chemica l  informatio n 

fo r  silico n surfac e  durin g adsorptio n o f  oxgy n obtaine d b y AE S ar e  rep -

rte d an d compare d t o  XPS ?  A  stud y o f  SiO ^  thi n fil m b y Auge r  electro n 

energ y shift s  an d it s  relatio n t o  chemica l  environmen t  i s  discuste d al -

on g wit h a  stud y o f  lin e  shap e  o f  Auge r  spectru a  (3,4) . 

AES ENERGY SHIFT S : 

When tw o o r  mor a  element s  combine d t o  for m a  compound ^  change s 

occur s  i n  th e  electro n bindin g energie s  cause d b y th e  chang e  i n  effec -

tiv e  charg e  o n eac h ato m .  Thi s  wil l  lea d t o  chang e  i n  th e  positio n 

of  Auge r  spectr a  peak s  ,  Predictin g an d explainin g energ y shift s  i s 

relativel y complicate d ,  however ,  i t  i s  mor e  usua l  t o  us e  a  finge r  pr -

in t  techniqu e  t o  identif y  compound s  fro m Auge r  spectru m a s  i n  figur e  (2 ) 

i n  thi s  figur e  example s  o f  th e  change s  i n  th e  pea k positio n an d pea k 

shap e  observe d i n  tw o metal s  o n oxydatio n an d i n  carbo n fro m variou s 

carbide s  (5,6,7,8, )  ,  Transition s  involvin g cor e  electron s  an d it s 

relatio n t o  change s  i n  pea k shap e  an d positio n ar e  reporte d usin g hip£ i 

resolutio n analyzer s  ,  fi g  (3) , 

Chemicall y  induce d shift s  o f  cor e  leve l  line s  i n  XP S o r  th e 

relate d shift s  o f  cor e  core ^  signal s  i n  £E S ar e  relatabl e  t o  change s  i n 

core^leve l  bindin g energy .  Althoug h a  quantitativ e  unterstandin g o f 
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fro m th e  hole-hol e  interactio n i n  th e  tw o hol e  fina l  stat e  configuratio n 

(17,18) , I t  wa s  foun d tha t  thes e  distortion s  hav e  a  bearin g no t  onl y o n 

th e  lineshep e  i n  c.v. v  line s  fro m metal s  bu t  als o o n relativ e  energ y po -

sitio n o f  th e  component s  o f  c.v. v  line s  fro m ga s  phas e  molecule s  an d o n 

th e  deca y probabilitiesinvolve d i n  eac h electro n an d photo n stimulate d 

(ES D ,  PSD )  respectivel y  (19,20) .  Ramaker ,  Writ e  ,  an d Murda y (21,2 2 ) 

ha d propose d an d quantirie d a  mode l  fo r  Auge r  induce d desorptio n fro m 

covalve t  (  o r  ioni c  )  syste m . 

I n th e  case s  o f  materia l  exhibitin g ban d lik e  c.v. v  Auge r  lines , 

on e  ca n obtai n valenc e  ban d densit y o f  stat e  chang e  informatio n fro m th e 

change s  i n  lineshape s  o f  a  serie s  o f  S i - I ^ W lines ,  fig, (6) . Th e  us e  o f 

lineshap e  analysi s  i n  studie s  o f  ga s  phas e  molecule s  ha d demonstrate d 

tha t  AE S i n a  finge r  prin t  mode ,  ca n b e  use d identif y th e  loca l  chemica l 

environmen t  o f  a n ato m ,  Example s  o f  suc h studie s  ma y b e  sumerize d i n  th e 

followin g 1-T o investigat e  th e  chemica l  an d electroni c  propertie s  o f 

semiconduto r  material s  (  23 ,24 ,25 ) 2-Assessmen t  o f  th e  surfac e  chemica l 

reactio n relationshi p t o  th e  propertie s  o f  th e  soli d  surface .  3-T o stud y 

th e  passivatio n an d corrosio n o f  metal s  an d meta l  alloyie s  surfac e  prop -

ertie s  .4 ^  Dept h profilin g o f  thi n film s  an d crystallin e  material s  (  26 , 

27,2 8 ) , 5 -O H bondin g i n  tetrahedrall y  bonde d carbo n compound s  (  CH,C 2H^ 

CH^,,..,. )  , 
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Ãß3.5 .  Coppe* I3VV 5 p e c W v K . 

CONCLUSIONS 

Auge r  electro n spectroscop y i s  a  trul y surfac e  analytica l  tech -

niqu e  whic h i s  caoabl e  o f  providin g chemica l  an d electroni c  informatio n 

fo r  element s  an d compound s  concernin g th e  to p fe w layer s  withou t  damagin g 

th e  surfac e  wit h a  grea t  specia l  resolutio n an d goo d surfac e  sensitivity . 

AES i s  a  a  pro b o f  th e  loca l  densit y  o f  stat e  abou t  th e  Auge r  deca y sit e 

an d i t  i s  therefore ;  coceivabl e  tha t  th e  loca l  valenc e  electro n ditribu -

tio n densit y  o f  stat e  a t  th e  bondin g sit e  ma y b e  obtaine d b y combinin g 

AES informatio n an d th e  dat a  o f  XPS .  Th e  explanatio n a s  t o  whe n adsorpio n 

occur s  followin g core-hol e  creatio n i n  a  compoun d i s  tide-u p wit h th e 

cocep t  o f  localizatio n i n  th e  tw o hol e  fina l  stat e  o f  AE S lineshap e  an d 

electro n energ y positio n wer e  closel y relate d t o  th e  chemica l  an d elect -

roni c  informatio n abou t  th e  surfac e  o f  th e  solids .  Studie s  o f  thi s  typ e 

ar e  provin g valuabl e  i n  determinin g th e  cause s  o f  failure s  i n  meterials , 

electroni c  propertie s  o f  semicoduto r  material s  an d soli d  surfac e  chemic -

a l  reaction s 
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ABSTRACT 

The  majo r  par t  o f  th e  cos t  o f  sola r  photovoltai c  systems ,  suc h a s  wate r 
pumps ,  i s  th e  sola r  cell s  themselves .  Th e  pape r  report s  o n th e  measuremen t 
a t  intensitie s  u p t o  abou t  10KW/m 2 o f  prototyp e  commercia l  technolog y sola r 
cells ,  5c m ÷  5cm ,  tha t  incorporat e  a  fin e  screen-printe d fron t  contac t  gri d 
optimize d fo r  10-su n performance .  Compariso n wa s  mad e  wit h commercia l  cell s 
o f  th e  sam e  technolog y wit h a  conventionall y  space d fron t  grid .  Th e  result s 
showe d th e  efficienc y o f  th e  1-su n cell s  t o  fal l  fro m 13 % a t  1-su n t o  7 % a t 
10-su n illumination ,  whil e  th e  efficienc y o f  th e  10-su n cell s  wen t  fro m 10 % 
t o 9 % unde r  th e  sam e  tes t  conditions .  Th e  serie s  resistanc e  o f  th e  1-su n 
cell s  wa s  foun d t o  b e  abou t  0.0 7 ohms ,  an d tha t  o f  th e  10-su n cell s  t o  b e 
aroun d 0.02 5 ohms . 

A 51-cel l  strin g o f  th e  10-su n cell s  use d wit h a  reflectiv e  paraboli c  sola r 
concentrato r  gav e  a n outpu t  o f  8 8 watt s  a t  th e  maximu m powe r  poin t  whe n th e 
direc t  radiatio n wa s  abou t  80 0 W/m 2.  Thi s  cel l  strin g wa s  use d t o  powe r  a 
smal l  motor/pum p unit . 

Initia l  calculation s  indicat e  tha t  a  simpl e  concentrato r  syste m usin g thes e 
10-su n cell s  woul d pum p wate r  a t  a  cos t  significantl y  belo w tha t  fro m a 
conventiona l  fla t  P V arra y system . 

KEYWORDS 

Sola r  wate r  pumping ;  photovoltaics ;  concentratio n 

INTRODUCTION 

Whil e  smal l  energ y needs ,  suc h a s  fo r  wate r  pumping ,  ca n b e  me t  b y 
photovoltaics ,  particularl y  i n  developin g countrie s  wit h a n abundanc e  o f 
sunshine ,  th e  cos t  o f  suc h system s  stil l  render s  thi s  optio n o f  limite d 
popularity . 
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Of  th e  component s  o f  a  typica l  photovoltai c  (PV )  system ,  sola r  cell s 
constitut e  th e  majo r  cost .  Th e  cos t  o f  wate r  pumpe d ca n b e  reduce d b y 
increasin g th e  syste m efficiency ,  o r  b y concentratin g sunligh t  o n th e  cell s 
t o  increas e  thei r  electrica l  output .  Thi s  pape r  examine s  th e  testin g an d 
us e  o f  P V cell s  suitabl e  fo r  relativel y lo w concentrations ,  i n  th e  orde r  o f 
10 su n intensities .  Thi s  leve l  o f  concentratio n wa s  chose n becaus e  i t 
achieve s  mos t  o f  th e  availabl e  reductio n i n  cel l  area ;  becaus e  i t  i s 
achievabl e  wit h concentrator s  tha t  d o no t  requir e  continuou s  trackin g 
throughou t  th e  day ;  an d becaus e  i t  i s  nea r  th e  practicabl e  limi t  fo r 
conventiona l  scree n printe d grids . 

1-SU N AN D 10-SU N CELL S 

Norma l  commerciall y  availabl e  1-su n cell s  ar e  betwee n abou t  12 % an d 14 % 
efficien t  a t  1-su n illuminatio n (100 0 W/m 2 an d 25° C standar d cel l 
temperature) .  However ,  thei r  efficienc y fall s  of f  a t  highe r  illuminatio n 
level s  du e  t o  th e  increasin g powe r  los s  fro m cel l  interna l  resistance .  Thi s 
resistanc e  contain s  contribution s  fro m th e  bul k o f  th e  material ,  th e 
diffuse d layer ,  th e  contact s  wit h th e  to p meta l  grid ,  th e  gri d  itself ,  an d 
finall y  th e  cel l  bu s  bars .  Reducin g gri d  finge r  spacin g reduce s  th e  effec t 
o f  diffuse d laye r  resistanc e  an d gri d  contac t  resistance ;  bu t  i t  increase s 
th e  powe r  los s  du e  t o  shadowin g o f  par t  o f  th e  cel l  b y th e  grid . 

We  wer e  provide d wit h informatio n o n contribution s  t o  cel l  resistanc e  an d 
minimu m finge r  widt h b y a  commercia l  P V cel l  compan y (B P Sola r  Ltd. ,  U.K ) 
an d carrie d ou t  optimizatio n calculation s  o n finge r  widt h an d spacin g t o 
achiev e  maximu m outpu t  powe r  a t  1 0 suns .  Th e  cell s  s o designe d wer e  kindl y 
manufacture d an d provide d t o  u s  b y BP .  Th e  nomina l  cel l  siz e  wa s  5  c m 
square . 

TESTS 

Two 1-su n commercia l  B P cell s  an d thre e  10-su n cell s  (i.e .  cell s  o f  th e  sam e 
1-su n technology ,  bu t  wit h th e  modifie d fron t  grid )  wer e  tabbe d an d teste d 
i n  ou r  sola r  simulator .  Th e  simulato r  consist s  o f  a  ligh t  sourc e  havin g 4 
haloge n bulbs ,  adjustabl e  fo r  settin g th e  desire d illuminatio n uniformity , 
an d a  moveabl e  bas e  whic h coul d b e  se t  a t  approximatel y 1-su n an d 10-sun s 
illuminatio n levels .  Th e  cell s  wer e  mounte d o n a  wate r  coole d aluminiu m bo x 
fixe d t o  th e  simulato r  base .  Th e  uniformit y o f  th e  illuminatio n ove r  eac h 
tes t  cell' s  surfac e  wa s  monitore d usin g a  1  ÷  0. 5 c m "smal l  master "  cel l 
calibrate d agains t  a  calibrate d B P sola r  cell .  Th e  intensit y  wa s  measure d 
wit h a  10-su n "master "  cel l  als o calibrate d agains t  th e  calibrate d B P cell . 

The  4-poin t  measuremen t  techniqu e  wa s  use d t o  obtai n th e  I- V characteristic s 
o f  th e  cell s  whic h wer e  plotte d o n a n X- Y recorde r  an d show n i n Fig .  1 . 
Cell s  A ,  Â  an d C  wer e  10-su n cell s  whil e  D  an d Å  wer e  1-su n cell s  -  thoug h 
the y wer e  teste d i n  th e  orde r  A ,  D ,  B ,  C ,  E .  Cel l  temperature s  wer e 
monitore d usin g thermocouples ;  the y average d 22° C a t  1-su n an d 35° C a t  10 -
suns .  Th e  maximu m powe r  points ,  P mp ,  wer e  foun d b y drawin g constan t  powe r 
line s  o n a n I- V axi s  an d matchin g thi s  wit h th e  cel l  characteristics .  Th e 
efficienc y o f  eac h cel l  wa s  calculate d a s  {(powe r  outpu t  fro m th e  cel l  a t 
P m p/powe r  inpu t  t o  th e  cell )  ÷  100%} .  Tabl e  1  show s  th e  results . 
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Curren t 
(A ) 

Voltag e  (V ) 

Fig .  1 .  I- V characteristic s  o f  singl e  cell s 
A,B, C 10-su n cell s 
D, E 1-su n cell s 

Tabl e  1 .  Summar y o f  cel l  characteristic s 

Cel l  typ e 1-su n tes t 10-su n tes t 
an d lette r Pea k powe r Efficienc y Pea k powe r Efficienc y 

(W) (%) (W) (%) 
10-su n A .22 5 9. 4 2.0 7 8. 8 

Â .24 1 10. 2 2.0 4 8. 8 
C .22 5 10. 2 2.0 2 8. 7 

1-su n D .30 5 13. 4 1.5 7 7. 0 
Å .30 5 13. 2 1.6 4 6. 7 

SERIE S RESISTANC E 

Fo r  measurin g th e  serie s  resistance ,  th e  I- V characteristic s  o f  th e  cell s  a t 
th e  tw o ligh t  intensitie s  wer e  used .  (Wol f  an d Rauschenbach ,  1963 )  A n 
interva l  ÄÉ ÷ =  Ä É 2 fro m th e  shor t  circui t  current s  I s ci  an d I s c2 wa s  chose n 
s o a s  t o  obtai n tw o point s  V^ ,  1^ an d V2, I2 on th e  characteristic s  nea r  th e 
maximu m powe r  points .  Th e  voltage s  wer e  adjuste d t o  th e  standar d 
temperatur e  o f  25° C usin g th e  approximat e  relatio n A V =  -0.5%/°C .  Th e 
correcte d voltag e  wa s  use d t o  calculat e  th e  serie s  resistanc e  a s 

Rs -  ( Vl -  V 2) / ( I 2 -  II ) 

The  1-su n cell s  hav e  a  serie s  resistanc e  o f  0.0 7 ohm s  whil e  tha t  o f  th e  10 -
su n cell s  i s  0.02 5 ohms . 
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CELL STRIN G FORMATION 

I t  wa s  decide d t o  tes t  outdoor s  a n assembl y o f  th e  prototyp e  10-su n cell s 
describe d above ,  usin g a  reflectiv e  paraboli c  sola r  collecto r  alread y 
availabl e  a t  th e  Departmen t  o f  Cybernetics ,  Universit y  o f  Reading .  Th e 
collecto r  ha s  a n apertur e  o f  1. 8  squar e  metre s  an d i s  mounte d wit h th e 
parabola' s  lon g axi s  transvers e  t o  a  pola r  axis ,  s o tha t  i t  ca n trac k th e 
su n throug h th e  da y wit h jus t  thre e  manua l  re-positionin g movements .  Th e 
collecto r  ha s  a  5  c m ÷  5  c m squar e  aluminiu m tub e  1.5 2 m  lon g place d a t  th e 
foca l  line ,  wit h eac h o f  tw o face s  o f  th e  tub e  receivin g reflecte d ligh t 
fro m hal f  th e  parabol a  a t  a  geometri c  concentratio n o f  1 2 x .  Col d wate r  i s 
passe d throug h thi s  tub e  t o  provid e  activ e  coolin g fo r  cell s  mounte d o n th e 
tw o faces . 

Separat e  experiment s  (Chianumba ,  1990 )  wer e  conducte d t o  fin d a  suitabl e 
metho d o f  fixin g cell s  t o  th e  face s  o f  th e  aluminiu m tub e  t o  mee t  th e 
requirement s  o f  goo d adhesion ,  electrica l  isolation ,  an d hig h therma l 
conductance .  Th e  fina l  metho d adopte d consiste d o f  th e  following :  A  thi n 
laye r  o f  Chomeric s  164 1 (electricall y  isolatin g hea t  transfe r  adhesive )  wa s 
applie d t o  th e  aluminiu m tub e  an d allowe d t o  set .  10-su n cell s  wer e  tabbe d 
an d stuc k t o  thi s  usin g a  ne w thi n laye r  o f  1641 ,  checkin g fo r  eac h cel l 
tha t  n o electrica l  contac t  wa s  mad e  t o  th e  underlyin g aluminiu m tube .  Th e 
tabbe d connection s  wer e  the n joine d togethe r  givin g a  serie s  strin g o f  2 5 
cell s  o n on e  fac e  o f  th e  tube ,  an d a  2 6 cel l  strin g o n th e  othe r  face ,  an d 
th e  string s  wer e  the n encapsulate d unde r  1  m m thic k glas s  cover s  attache d 
wit h Do w Cornin g RT V silicone .  Th e  bes t  cell s  wer e  use d fo r  th e  2 5 cel l 
string ,  an d th e  res t  fo r  th e  2 6 cel l  string . 

CELL STRIN G TESTIN G 

Strin g testin g too k plac e  outdoor s  o n a  numbe r  o f  day s  unde r  brigh t  su n 
conditions .  Globa l  an d direc t  radiatio n wer e  measure d befor e  an d afte r  th e 
I- V measurements ,  whic h themselve s  wer e  carrie d ou t  usin g th e  sam e 
controllabl e  externa l  powe r  suppl y a s  use d i n  th e  indoo r  sola r  simulato r 
tests .  Separately ,  approximat e  measurement s  wer e  take n o f  th e  intensit y 
distributio n acros s  selecte d cell s  alon g th e  string ,  an d o f  th e  cel l 
temperatur e  (measure d a t  th e  oute r  surfac e  o f  th e  glas s  cover s  ove r  th e 
cells) . 

Result s  fo r  th e  2 5 an d 2 6 cel l  strings ,  connecte d i n  serie s  an d parallel , 
ar e  show n i n Fig .  2 .  Whe n th e  direc t  radiatio n wa s  approximatel y 80 0 W/m 2 

th e  serie s  connectio n gav e  a  maximu m powe r  outpu t  o f  8 8 watts ,  abou t  wha t 
woul d b e  expecte d fro m simpl y multiplyin g u p th e  correspondin g indoo r  one -
cel l  performance .  Th e  coolin g wa s  remarkabl y effective ,  th e  cel l 
temperatur e  bein g onl y abou t  10° C abov e  th e  coolin g wate r  temperature . 

TESTIN G WIT H A  REA L LOA D 

To provid e  a n illustratio n o f  th e  us e  o f  thi s  system ,  i t  wa s  connecte d t o  a 
smal l  permanen t  magne t  moto r  an d centrifuga l  pump .  Performanc e  wa s 
reasonabl e  considerin g th e  mismatc h betwee n strin g an d pum p an d moto r 
characteristics ,  an d th e  lo w absolut e  valu e  fo r  efficiencie s  o f  th e  latte r 
tw o components . 
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ßï  ; 
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8  1 6 2 4 3 2 

Voltag e  (V ) 

Fig .  2 .  I- V Characteristic s  o f  th e  cel l  string s  i n 
th e  concentrator . 

A 2 5 cel l  strin g (Th e  bes t  cells ) 
Â 2 6 cel l  strin g 
C Bot h string s  i n  serie s 
D Bot h string s  i n  paralle l 

SIMPLE ECONOMIC ANALYSI S 

Her e  w e  compar e  th e  cos t  o f  a  conventiona l  P V arra y wit h tha t  o f  a  1 2 ÷ 
manuall y  re-positione d concentratin g system . 

Previou s  wor k (Bentley ,  1987 )  indicate d tha t  suc h a  concentrato r  woul d nee d 
roughl y twic e  th e  apertur e  o f  a  P V arra y fixe d a t  th e  latitud e  angl e  fo r  i t 
t o  hav e  th e  sam e  annua l  energ y output .  Thi s  i s  base d o n th e  followin g 
factor s  : 

i )  Annua l  energ y a t  apertur e  o f  th e  concentrator ,  vs . 
fixe d P V array ,  a t  a  typica l  sit e  (Ne w Delhi )  90 % 

ii )  Solar-grad e  glas s  mirro r  reflectivit y  90 % 
iii )  Intercep t  an d end-los s  factor s  75 % 
iv )  Cel l  coolin g facto r  85 % 

The  constructio n cost ,  i n  smal l  productio n run s  i n  a n end-us e  country , 
includin g labou r  an d overheads ,  o f  a  robus t  stee l  an d marine-pl y 
concentrato r  usin g steel-backe d glas s  mirror s  wa s  estimate d (Bentley ,  1987 ) 
t o  b e  £100/m 2 wher e  thi s  exclude s  th e  cos t  o f  cells .  Th e  lif e  o f  suc h a 
collecto r  shoul d excee d 1 5 years . 
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The  10-su n cell s  describe d i n  thi s  pape r  woul d incur ,  eve n i n  ver y limite d 
production ,  cost s  no t  significantl y  differen t  fro m tha t  o f  conventiona l  1 -
su n cells .  Takin g th e  latte r  t o  cos t  eithe r  £4.5 0 o r  £2/W p (representin g 
smal l  volum e  purchase s  a t  today's ,  an d low-en d estimate s  o f  mediu m term , 
prices )  allow s  th e  cost s  o f  a  1  m 2 fla t  P V panel ,  an d a  2  m 2 P V concentrato r 
o f  equivalen t  annua l  output ,  t o  b e  compare d (Tabl e  2 ) . 

Tabl e  2 .  Economi c  analysi s 

Cel l  cost s  £4.5 0 /  Wp £2.0 0 /  Wp 

Collecto r  type :  Fla t  Con e  Fla t  Con e 

Area :  1  m 2 2 m 2 1  m 2 2 m 2 

Cell s  (13 % efficient )  58 5 26 0 
(9 % efficient )  14 2 6 2 

Collecto r  -  20 0 -  20 0 

Tota l  cos t  £  58 5 34 2 26 0 26 2 

As  ca n b e  seen ,  a t  today' s  smal l  volum e  cel l  costs ,  th e  concentrato r  i s 
a  littl e  ove r  hal f  th e  cos t  o f  th e  fla t  P V array ;  th e  cost s  onl y becom e 
equa l  whe n cel l  cost s  fal l  t o  £2/Wp . 

CONCLUSIONS 

Th e  us e  o f  commercia l  one-su n cel l  technolog y (includin g scree n printin g o f 
fron t  surfac e  contacts )  t o  produc e  cell s  tha t  giv e  i n  th e  regio n o f  9 % 
efficienc y unde r  10-su n concentratio n ha s  bee n demonstrated .  Suc h cell s 
cos t  virtuall y  th e  same ,  o n a n are a  basis ,  a s  1-su n cells ,  an d thu s 
provid e  th e  prospec t  o f  significantl y  reducin g th e  cos t  o f  P V power , 
provide d the y ca n b e  combine d wit h a  fairl y  inexpensiv e  concentratin g 
collector .  A  simpl y constructe d manuall y  re-positione d paraboli c  troug h 
appear s  t o  b e  on e  candidat e  fo r  suc h a  collector ,  an d a  full-scal e  1 . 8 m 2 

apertur e  syste m usin g th e  prototyp e  10-su n cell s  couple d t o  a  pum p an d 
moto r  uni t  ha s  bee n demonstrated . 
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EFFICIENC Y O F HEAT PUMP APPLICATION S 
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ABSTRACT 

Thi s  pape r  addresse s  itsel f  t o  hea t  an d col d generatio n pro -
cesse s  usin g hea t  pumps ,  wit h sola r  energ y an d low-mineralize d 
therma l  water s  servin g a s  low-potentia l  hea t  sources .  I t  give s 
a  genera l  characteristi c  o f  th e  renewabl e  energ y source s  o f 
Uzbekista n whos e  territor y i s  conventionall y  divide d int o si x 
zones * Th e  descriptio n o f  eac h zon e  include s  dat a  o n th e  dept h 
of  occurrence ,  temperatur e  an d minera l  conten t  o f  undergroun d 
waters * Given ,  also ,  ar e  estimate s  o f  th e  forecas t  usabl e  sup -
plie s  o f  therma l  water s  i n  th e  republic * 

KEYWORDS 

Therma l  waters ;  hea t  pump ;  sola r  collector ;  hea t  flux ;  anomaly * 

INTRODUCTION 

The  developmen t  o f  th e  national ,  a s  wel l  a s  world ,  econom y i s 
characterize d b y increase d rate s  o f  productio n an d consumptio n 
of  fuel-energ y resources * Therefore ,  i t  i s  o f  urgen t  necessit y 
toda y t o  improv e  th e  fuel-energ y balanc e  structure ,  widel y 
utiliz e  renewabl e  energ y sources ,  an d undertak e  effectiv e 
energ y conservatio n activit y  i n  al l  th e  sphere s  o f  economy * 

I n th e  USSR ,  heat-producin g facilitie s  o f  lo w efficienc y (suc h 
a s  smal l  boiler-houses ,  individual-purpos e  hea t  generator s  an d 
stoves )  ar e  stil l  i n  wid e  use * Th e  principl e  o f  direc t  fue l 
burnin g t o  generat e  low-potentia l  hea t  is ,  i n  itself ,  waste -
fu l  a s  par t  o f  th e  fue l  exerg y tha t  coul d b e  use d i n  co-gene -
ratio n o f  hea t  an d mechanica l  energ y i s  jus t  lost * Meanwhile , 
utilizatio n o f  hea t  pump s  wit h renewabl e  hea t  source s  (sola r 
energy ,  therma l  waters ,  soil ,  etc* )  allow s  conversio n o f  low -
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potentia l  hea t  flu x int o higher-temperatur e  hea t  usabl e  fo r 
hea t  supply * 

SOLAR RADIATION .  SOLAR-HEAT PUMP SYSTE M 

21 
Accordin g t o  th e  reporte d estimates ,  ou t  o f  th e  1·5·1 0 W» h o f 
sola r  energ y radiate d t o  th e  oute r  atmospher e  abou t  47 % reach -
e s  th e  eart h  (McVeig ,  1981) ·  Thi s  energ y ca n b e  converte d int o 
othe r  form s  o f  energ y dail y  use d b y mankind .  I n  Sovie t  Centra l 
Asia ,  Uzbekista n i n  particular ,  th e  annua l  tota l  radiatio n 
amount s  t o  4- 5 GJ/m* ,  th e  annua l  averag e  sunshin e  duratio n fo r 
Tashken t  i s  250 0 hours . 

The  mai n difficult y  i n  utilizin g th e  sola r  radiatio n i s  asso -
ciate d wit h th e  variatio n o f  it s  intensit y  durin g th e  day * 
Utilizatio n o f  sola r  energ y require s  specia l  facilitie s  t o  ab -
sor b thi s  energ y (sola r  collectors ,  sola r  plants * "sola r 
ponds" ,  etc*) * Th e  sola r  plan t  efficienc y rise s  appreciabl y i f 
a  hea t  pum p (HP )  i s  incorporate d i n  th e  hea t  suppl y system * 
Incorporatio n o f  th e  H P allow s  switchove r  o f  th e  sola r  collec -
to r  i n  autumn-sprin g perio d t o  operatio n o n lower-temperatur e 
sola r  energ y potentials * furthe r  raise d t o  th e  require d level s 
i n  th e  HP * Experiment s  hav e  show n tha t  th e  sola r  plan t  effi -
cienc y i n  operatio n wit h th e  H P i s  10-15 % highe r  tha n alterna -
tivel y (Darchi a  e t  al, ,  1982) · 

Sinc e  198 7 th e  Institut e  o f  Powe r  Engineerin g an d Automatio n 
ha s  bee n conductin g researc h activit y  o n developmen t  o f  a  so -
lar-hea t  pum p syste m (SHPS )  fo r  air-conditionin g o f  apartmen t 
houses ,  dryin g agricultura l  product s  (summe r  operatio n mode) * 
an d fo r  spac e  heatin g an d ho t  wate r  suppl y (winte r  operatio n 
mode) * 

I n  summe r  th e  SHP S operate s  i n  th e  air-conditionin g mode * th e 
hea t  remove d fro m th e  spac e  use d fo r  dryin g agricultura l  pro -
duct s  (apples ,  grapes ,  etc*) * Th e  hig h leve l  o f  th e  sola r  ra -
diatio n (u p t o  85 0 MJ/m * i n July )  permit s  heatin g wate r  b y th e 
sola r  collecto r  fo r  dail y  needs * Th e  exces s  hea t  ca n b e  store d 
up i n  a  seasona l  storage-tan k o r  i n  th e  soi l  t o  b e  utilize d 
late r  i n  winte r  time * 

I n winte r  th e  sola r  collecto r  low-potentia l  hea t  converte d i n 
th e  H P i s  use d t o  provid e  spac e  heatin g an d ho t  water * A t 
nigh t  an d i n  clowd y days ,  wit h th e  sola r  collecto r  ou t  o f  ope -
ration ,  th e  syste m relie s  o n th e  storage-tan k a s  a  low-poten -
tia l  hea t  source * A t  th e  en d o f  th e  heatin g seaso n th e  sto -
rage-tan k temperatur e  drop s  belo w 10°C ,  an d thi s  col d ca n b e 
use d a t  th e  beginnin g o f  th e  air-conditionin g season * 

The  theoretica l  analyse s  hav e  show n tha t  combine d us e  o f  th e 
HP an d th e  sola r  collecto r  increase s  th e  H P conversio n coeffi -
cien t  b y a  facto r  o f  1*5-2 ,  raise s  th e  sola r  energ y applica -
tio n efficienc y b y a  facto r  o f  2-2*5 ,  whil e  reducin g th e  orga -
ni c  fue l  rat e  and ,  thus ,  improvin g th e  environmen t  condition * 
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GEOTHERMA L RESOURCE S ï  GENERA L CHARACTERISTI C 
AND PECULIARITIE S 

I n t h e USSR t h e g e o t h e r m a l r e s o u r c e s d e v e l o p e d s o f a r  c o n s t i -
t u t e l e s s t h a n 2%  o f t h e f o r e c a s t t h e r m a l w a t e r  s u p p l i e s e s t i -
m a t e d f o r  t h e c o u n t r y t o b e 1 9 7 5 0 t h o u s * m * / d a y o r  2 3 0 m?/a 
( G r e b e n s h i k o v a , 1 9 7 6 ; · 

S o v i e t C e n t r a l A s i a i s o n e o f t h e p r o m i s i n g r e g i o n s o f t h e 
USSR i n t e r m s o f t h e r m a l w a t e r  d e v e l o p m e n t f o r  t h e n a t i o n a l 
e c o n o m y * Th e t h e r m a l w a t e r s o f U z b e k i s t a n c a n b e u s e d f o r 
s p a c e h e a t i n g , h o t w a t e r  s u p p l y , i n b a l n e o l o g y a n d f o r  e x t r a c -
t i o n o f m i n e r a l s ( S r , B , e t c * ) 

I n s p i t e o f t h e g e n e r a l o c c u r r e n c e o f t h e r m a l w a t e r s a n d t h e i r 
l a r g e s u p p l i e s i n t h e r e p u b l i c n o t a l l t h e d i s t r i c t s h a v e 
e q u a l c o n d i t i o n s f o r  p r a c t i c a l u t i l i z a t i o n o f t h e d e e p - s e a t e d 
h e a t * U n f o r t u n a t e l y t h e d a t a o n U z b e k i s t a n ' s t h e r m a l w a t e r s 
v a r y g r e a t l y w i t h d i f f e r e n t a u t h o r s * Ou r  g r o u p e m b a r k e d o n a n 
i n v e s t i g a t i o n o f i t s o w n , g u i d e d b y t h e d a t a o b t a i n e d s t r a i g h t 
f r o m g e o l o g i c a l a n d h y d r o g e o l o g i c a l f i e l d s t u d i e s * 

We h a v e i n v e s t i g a t e d a b o u t 5 0 0 w e l l s o f d i f f e r e n t d e p t h ( r a n g -
i n g f r o m 5 0 t o 3 5 0 0 m ) p o s s i b l y u n i f o r m l y d i s t r i b u t e d o v e r  t h e 
r e p u b l i c ' s t e r r i t o r y * Th e m a i n p a r a m e t e r s c o n s i d e r e d w e r e t h e 
o c c u r r e n c e d e p t h , t e m p e r a t u r e a n d m i n e r a l c o n t e n t o f u n d e r -
g r o u n d w a t e r s * F u r t h e r  o n t h e p i e z o m e t r i c l e v e l w i l l b e c o n s i -
d e r e d a s w e l l * 

Th e t e r r i t o r y o f t h e r e p u b l i c w a s c o n v e n t i o n a l l y d i v i d e d i n t o 
6 z o n e s : 
1* Th e t e r r i t o r y a d j o i n i n g t h e A r a l S e a i n t h e W e s t (Th e U s -

t y u r t P l a t e a u ) 
2* T h e t e r r i t o r y a d j o i n i n g t h e A r a l S e a i n t h e S o u t h ( S o u t h e r n 

K a r a - K a l p a k i a a n d K h o r e z m r e g i o n ) 
3* T h e K y z y l Kum d e s e r t a r t e s i a n b a s i n s ( S a m a r k a n d r e g i o n ) 
4 · Th e B u k h a r a - K a r s h i - S u r k h a n d a r y a a r t e s i a n b a s i n 
5 · Th e n e a r - T a s h k e n t a r t e s i a n b a s i n ( S a m a r k a n d , S i r - D a r y a 

a n d T a s h k e n t r e g i o n s ) 
6* Th e F e r g a n a a r t e s i a n b a s i n ( F e r g a n a , A n d i j a n a n d Namanga n 

r e g i o n s } * 

Th e t e r r i t o r y o f K a r a - K a l p a k i a h a s b e e n s t u d i e d m o s t t h o r o u g h -
l y * Fro m t h e d a t a o b t a i n e d f r o m a b o u t 1 5 0 w e l l s ( o u t o f t h e 
1 4 0 0 a v a i l a b l e h e r e ) i t i s s e e n t h a t t h i s a r t e s i a n b a s i n i s 
p r a c t i c a l l y a n i n e x h a u s t i b l e e n e r g y d e p o s i t o r y * S u f f i c e i t t o 
s a y t h a t 1 G c a l o f s u p p l i e d h e a t c o s t s 2 r o u b l e s i n t h i s r e -
g i o n , w h e r e a s t h e s a m e , w i t h c o n v e n t i o n a l e n e r g y s o u r c e s , 
c o s t s 2 5 t i m e s a s m u c h , r a n g i n g i n t h i s a u t o n o m o u s r e p u b l i c 
b e t w e e n 5 0 a n d 6 0 r o u b l e s * I t s h o u l d b e a d d e d t h a t t h e w a t e r -
b e a r i n g c a p a c i t y o f t h e n e a r - ^ A r a l z o n e s i s v e r y h i g h a n d i n 
t h e S o u t h e r n t e r r i t o r y i t a m o u n t s , b y o u r  d a t a , t o 7 4 0 t h o u s * 
m ?/ d a y , w h i c h a t t h e a v e r a g e w a t e r  t e m p e r a t u r e o f 4 0 ° C g i v e s 
a s a v i n g o f 4 2 0 0 t o n s o f e q u i v a l e n t f u e l p e r  d a y o r  1*5 m i n * 
t * e * f * p e r  y e a r * 
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T h e U s t y u r t P l a t e a u i s n o l e s s e f f e c t i v e i n t e r m s o f g e o t h e r -
m a l p o w e r  e n g i n e e r i n g . H e r e t h e f i g u r e f o r  t h e a n n u a l s a v i n g 
i s 1 . 0 - 1 . 2 m l n . t . e . f . p e r  y e a r . 

T h e C e n t r a l K y z y l Kum z o n e o f u p l i f t i s o f s p e c i a l i n t e r e s t , 
g e o t h e r m a l l y , h a v i n g s o m e a r e a s w i t h a n o m a l o u s t h e r m a l g r a d i -
e n t s ( u p t o 3 « 7 ° C / 1 0 0 m ) . T h e d i s c h a r g e s i n t h i s z o n e r a n g e 
f r o m 3 t o 7 0 1 / s , t h e m i n e r a l c o n t e n t r e a c h i n g u p t o 1 0 g / l . 
Th e f o r e c a s t u s a b l e s u p p l i e s h e r e a m o u n t t o 4 5 0 m l n m V y r . 
T h u s , t h e C e n t r a l K y z y l Kum z o n e i s c o m p a r a b l e w i t h t h e n e a r -
A r a l z o n e s i n i t s r e s e r v e s , w h i l e i t s e e m s t o b e m o r e a t t r a c -
t i v e b y t h e c h a r a c t e r i s t i c s o f i t s u n d e r g r o u n d w a t e r s . 

T h e B u k h a r a - K a r s h i - S u r k h a n d a r y a z o n e c o n t a i n s w a t e r s h a v i n g 
a f a r  m o r e u n i f o r m t e m p e r a t u r e p a t t e r n a n d o c c u r r i n g a t g r e a t -
e r  d e p t h s . A b o u t 1 7 0 w e l l s h a v e b e e n i n v e s t i g a t e d o n t h e t e r -
r i t o r y o f t h e s e r e g i o n s . T h e m i n e r a l c o n t e n t v a r i e s f r o m 5 g / l 
t o 1 2 0 g / l ( G r e b e n s h i k o v a , 1 9 7 6 ; M a v r i t s k i , 1 9 7 1 ; B u r a k , 1 9 6 8 ) . 
T h e f o r e c a s t u s a b l e s u p p l i e s i n t h e z o n e , o n t h e b a s i s o f 
a v a i l a b l e d a t a , i s e s t i m a t e d t o b e 3 0 0 - 3 2 0 m l n m J / y r , w h i c h a t 
t h e a v e r a g e t e m p e r a t u r e o f 3 8 ° C g i v e s a n a n n u a l s a v i n g o f 
a b o u t 1 . 7 m l n t . e . f . 

I n t h e n e a r - T a s h k e n t a r t e s i a n b a s i n t h e r m a l w a t e r s o c c u r  m a i n -
l y i n t h r e e l e v e l s . T h e w a t e r s o f t h e f i r s t a c q u i f i e r  a r e o f 
e x c e l l e n t q u a l i t y a n d s u c c e s s f u l l y u s e d i n b a l n e o l o g y a n d f o r 
w a t e r  s u p p l y i n t h e r e g i o n . T h e t w o l o w e r  l e v e l s a r e w i d e l y 
u s e d f o r  i r r i g a t i o n o f t h e t i l l e d l a n d a n d o t h e r  a g r i c u l t u r a l 
n e e d s . W i t h s o m e c a p i t a l i n v e s t m e n t , t h e w a t e r s o f t h e s e a c -
q u i f i e r s c o u l d b e u s e d f o r  s p a c e h e a t i n g a n d , a f t e r  s l i g h t 
c h e m i c a l t r e a t m e n t , f o r  h o t w a t e r  s u p p l y o f a n i m a l r a i s i n g a n d 
i n d u s t r i a l c o m p l e x e s . 

Th e F e r g a n a a r t e s i a n b a s i n h a s a s m a l l a r e a b u t i t i s w h e r e 
t h e A d r a s m a n - C h u s t a n o m a l y , a m o s t a t t r a c t i v e o b j e c t , o c c u r s . 
Th e a n o m a l y , d i s c o v e r e d i n 1 9 6 8 , e x t e n d s o v e r  t h e t e r r i t o r i e s 
o f U z b e k i s t a n a n d T a j i k i s t a n . I t s l e n g t h i s 1 8 0 km f r o m t h e 
N o r t h - W e s t t o t h e N o r t h - B a s t a l o n g t h e F e r g a n a v a l l e y m a r g i n . 
H e r e a n o m a l o u s h i g h t e m p e r a t u r e s h a v e b e e n r e c o r d e d i n 2 8 
w e l l s a t d e p t h s r a n g i n g f r o m 3 0 0 t o 5 4 0 0 m . A t a d e p t h o f 
a b o u t 2000m r o c k s a r e h e a t e d t o a t e m p e r a t u r e o f 1 0 0 - 1 6 0 ° C a n d 
d e e p e r  a t 5 0 0 0 m a t e m p e r a t u r e o f o v e r  2 0 0 ° C h a s b e e n r e c o r d e d 
i n o i l p r o s p e c t i n g w e l l s . 

T h e h e a t f l u x d e n s i t y w i t h i n t h e A d r a s m a n - C h u s t a n o m a l y v a r i e s 
f r o m 6 4 t o 2 0 7 mW/mf , w h i l e a t t h e n o r m a l b a c k g r o u n d i n t h e 
F e r g a n a d e p r e s s i o n i t i s 6 2 mW/m f Maximu m h e a t f l u x d e n s i t y 
h a s b e e n r e c o r d e d i n t h e J a r k a m a r  a r e a . S u c h h i g h d e n s i t y o f 
h e a t f l u x i s c h a r a c t e r i s t i c o f E a r t h h e a t d e p o s i t s i n I t a l y , 
H u n g a r y , M e x i c o , a n d t h e USA. T h e a f o r e s a i d d i s t r i c t h a s i n -
f l o w s o f a s m u c h a s 15 1 / s w i t h t h e t e m p e r a t u r e o f u p t o 5 0 ° C , 
w i t h t h e m o u t h p r e s s u r e a t 2 1 - 2 3 a t m . ( B a l a s h o v , 1 9 6 0 ; · 

On e o f t h e s i g n i f i c a n t f e a t u r e s o f t h e r m a l w a t e r  i s i t s c o n s -
t a n t i n i t i a l t e m p e r a t u r e t h r o u g h o u t t h e p e r i o d o f u s e . T h i s i s 
t o n o s m a l l d e g r e e i m p o r t a n t f o r  r o u n d - t h e - y e a r  o p e r a t i o n o f 
t h e h e a t pum p b a s e d o n t h e r m a l w a t e r  a s a l o w - p o t e n t i a l h e a t 
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source .  Th e  constan t  temperatur e  o f  therma l  wate r  ensure s  sta -
bilit y  fo r  th e  mai n operatio n mode s  o f  th e  geothermal-hea t 
pump system * 

CONCLUSION 

None  o f  th e  renewabl e  energ y source s  i s  universal * Thei r  app -
licatio n i s  determine d b y specifi c  natura l  condition s  an d th e 
need s  o f  th e  community * Therefore * effectiv e  plannin g o f  re -
newabl e  powe r  engineerin g wil l  require ,  firstly ,  systemati c 
investigatio n o f  th e  environmen t  and ,  secondly ,  surve y o f 
energ y need s  o f  a  specifi c  regio n fo r  industrial ,  agricultura l 
an d domesti c  activities * 
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ABSTRACT 

New refrigerant flow controls replace conventional expansion devices and accumulators to 
regulate liquid and vapor refrigerant flow storage and charge control in heat p u m p and 
refrigeration systems, including direct expansion ground coupled units, to maintain opti -
mum refrigerant charge under a wide range of operating conditions and increased effi-
ciency. Superheating of vapor and subcooling of liquid are eliminated as are the blow-
through of vapor from the condenser and the flow of unevaporated refrigerant vapor from 
the evaporator. 
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REFRIGERANT FLOW CONTROLS 

Improvements have been made in heat p u m p performance in recent years through the use 
of larger fan coils, improved compressors, multispeed fans and compressors which are 
electronically controlled. However, few improvements have been made in refrigerant flow 
controls. 

Heat pumps with conventional controls such as thermal expansion valves (TXVs), elec-
tronic expansion valves (EXVs), fixed orifices, capillary tubes, accumulators, etc. share a 
common set of problems. These problems are the: (1) subcooling of liquid refrigerant in 
the condenser; (2) superheating of vaporized refrigerant in the evaporator; (3) varying 
refrigerant charge requirement of the system; (4) liquid refrigerant reaching the compressor 
inlet; (5) reduced volumetric efficiency of the compressor because of superheating the re -
frigerant vapor; and (6) blow-through of uncondensed vapor at the condenser outlet. Blow-
through is the condition where a portion of the vapor pumped by the compressor is not 
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condensed in the condenser and passes the condenser outlet and the expansion device. 

Figure 1  illustrates the typical refrigeration circuit with the thermal expansion valve and the 
accumulator,two refrigerant controls which are very commonly used. 

Typical Operation of Conventional Systems 

Subcooling of liquid refrigerant occurs when the conventional system's refrigerant charge 
requirements are low, and the excess charge is stored as liquid in the lower portion of the 
condenser. With conventional controls it is necessary to allow subcooling during most of 
the operating cycle to prevent blow-through of uncondensed vapor at the condenser outlet 
when the system's charge requirements are high. If vapor were permitted to blow-through 
the TXV, it could not function properly to regulate the flow of liquid. 

Superheating of vapor in the evaporator is intentionally maintained by the thermal expan -
sion valve, to prevent the flow of unevaporated refrigerant from the evaporator to the 
compressor. Although the accumulator is located between the evaporator and the com-
pressor, conventional accumulators do not fully accumulate liquid refrigerant. They "me -
ter" any liquid refrigerant or compressor oil to the compressor, and only slow the passage 
of large quantities (slugs) of liquid. 

The varying refrigerant charge requirement occurs as a result of temperature and pressure 
changes in the condenser, the evaporator, the compressor, the accumulator, etc. All parts 
of the system are involved in the varying refrigerant charge requirement. The opt imum 
refrigerant charge at one extreme of temperatures and pressures is substantially different 
from the opt imum charge at the opposite extreme. The application having perhaps the 
greatest range of opt imum charge requirement is the direct expansion ground coupled heat 
pump. 

Liquid reaching the compressor inlet can cause damage to, and the early failure of the 
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compressor. Even though the accumulator slows and meters the liquid to the compressor, 
"metering" can happen continuously with fixed orifices and capillary tubes; and intermit -
tently with expansion valves that oscillate or hunt between the open and the closed posi -
tions. 

Th e volumetri c efficiency of th e compresso r  is reduced as a result of superheating of 
refrigerant vapor in the evaporator. Superheating expands the vapor and therefore less 
refrigerant mass can be pumped with each revolution of the compressor. The compressor 
also runs hotter than it otherwise would without the superheating condition. 

Blow-throug h of vapo r  fro m th e condense r  occurs when the refrigerant charge in the 
system is insufficient to maintain a liquid-only condition at the condenser outlet or may 
occur due to inappropriate action of the expansion device which allows vapor to pass 
through the expansion device. Blow-through results in a substantial loss of efficiency 
because vapor pumped by the compressor delivers very little energy to the condenser. 

A significant additional problem with TXVs is that they are unstable in applications where 
long evaporators are used, as in direct expansion ground coupled heat pumps. In such 
applications, the TXV hunts almost continuously because of the long time lag between any 
correction made by the valve, and its detection of the result of that correction at the evapo -
rator outlet where its sensor bulb is located. This hunting action (oscillating from too far 
closed to too far open) is very detrimental to the efficiency of the system in this application. 
Although fixed orifices and capillary tubes are stable in this application, they are efficient at 
only one specific set of temperature, pressure and refrigerant charge conditions. Therefore 
they have a low average efficiency in any system having a substantial range of operating 
temperatures and pressures. 

A primary reason for the inefficiency of commonly used liquid flow controls is that none of 
them sense and adjust conditions in the condenser. A high-side float does prevent blow-
through of unevaporated liquid, but it is unable to modulate the liquid flow rate, and 
generally moves back and forth from the fully closed to the fully open position. 

One additional limitation of conventional refrigerant controls is their inability to achieve the 
start-up of direct expansion ground coupled heat pumps in the cooling mode. 

ECR's Approach to Refrigerant Control 

The criteria which ECR has followed in developing its refrigerant controls are that they 
must be: (1) efficient; (2) mechanically simple; (3) reliable; (4 )  stable; and (5) must address 
all the operating requirements of the major components of the refrigerant system. The 
result has been the development of two simple devices, the Liquid Flow Control (LFC) and 
the Active Charge Control (ACC). Four U.S. patents have been issued and international 
patents are pending. The LFC has only one moving assembly and only one wear point--a 
simple hinge which is continuously lubricated with compressor oil so that it is not expected 
to show significant wear in 30 years of operation. The ACC has no moving parts and no 
points of wear. 
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Figure 2 illustrates the application of the LFC and ACC in a refrigerant circuit, wherein the 
LFC replaces the expansion device and the ACC replaces the accumulator. 

EC R I lea l Pum p Schemati c 

Fig. 2 

With reference to Figure 3 ,  the LFC consists of an enclosed l iquid/vapor reservoir, with an 
enclosed hollow float, which is attached to a metering segment. A circular metering surface 
is in close proximity with a liquid metering orifice drilled in an outlet tube. During opera -
tion, the reservoir contains liquid refrigerant and refrigerant vapor. 

The LFC receives its operating signals entirely from the condenser. When only liquid 
arrives at its inlet, as occurs during start-up, the float rises and the metering segment 
moves to uncover the metering orifice and allow maximum liquid flow. The liquid-only 
condition therefore signals the LFC that subcooling is occurring in the condenser and 
maximum flow is to be allowed. 
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When vapor begins to arrive at the LFC, the float is forced downward and the metering 
segment begins to obstruct the flow of liquid from the reservoir. Slowing the outflow of 
liquid causes the pressure within the LFC and in the condenser to increase. As vapor 
continues to arrive, the outflow is continuously reduced, and the pressure continues to 
increase in the condenser until nearly all of the vapor is being condensed in the condenser 
and a condition of equilibrium is reached. 

In the operating condition of equilibrium, the LFC causes the pressure in the condenser to 
be just sufficient to condense all the vapor in the condenser except a very small amount of 
vapor that arrives continuously to provide the signal to the LFC, and is then condensed 
inside the LFC reservoir. 

When any system condition reduces the flow of vapor arriving at the LFC such as cooling 
down of the heat sink at the condenser, the float will rise to increase the rate of liquid flow 
until equilibrium is restored. Conversely, when any system condition causes an increase in 
vapor flow to the LFC such as a warming of the heat sink at the condenser, the float will 
drop to decrease the rate of liquid flow until the equilibrium is restored. 
Thus the LFC serves to assure that vapor is continuously present throughout the entire 
condenser (zero subcooling) and that no vapor blows-through from the condenser to the 
evaporator. Therefore the LFC passes liquid at the rate that it is being produced within the 
condenser, without storing liquid in the condenser. 

With conventional controls, subcooling does have the effect of slightly increasing the BTU 
capacity of the heat pump system; however, the system's efficiency is decreased because 
the condensing surface is made effectively smaller, the condenser and compressor output 
pressures are increased, and the compressor 's power consumption is increased. 

As shown in Fig. 4, the ACC consists of a l iquid /vapor reservoir enclosed in thermal 
insulation containing an evaporator tube wherein the incoming refrigerant is mixed with 
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liquid refrigerant continuously entering the evaporator tube through an orifice from the 
reserve of liquid stored in the reservoir. The turbulence of the l iquid /vapor mix in the 
evaporator tube causes a foaming and misting of the usual compressor oil within the mix. 
A circular deflector plate above the evaporator tube outlet deflects the mixture radially and 
reduces the velocity of the mix as it approaches the interior wall of the reservoir. 

All refrigerant vapor in the mix is drawn upward to exit at the vapor outlet. Likewise the 
oil mist and oil foam (tiny vapor and oil bubbles) are entrained in the vapor stream and exit 
at the vapor outlet. All liquid refrigerant droplets and any foam bubbles containing a 
significant amount of liquid refrigerant, are too heavy to be entrained in the vapor stream 
and thereTore fall into the reservoir. 

Any liquid arriving at the ACC inlet from the evaporator is deflected and trapped in the 
reservoir, and is added to the liquid stored and circulating in the ACC. No mechanism is 
provided for liquid refrigerant to exit the ACC and proceed to the compressor. Liquid 
must evaporate to leave the ACC. Liquid refrigerant arriving at the ACC indicates that the 
evaporator is flooded, and the system is overcharged (assuming an LFC is in the circuit to 
prevent the accumulation or back-up of the excess liquid refrigerant into the condenser). 
The ACC senses the overcharge and quickly traps and removes the excess refrigerant 
circulating in the system, thereby reducing the refrigerant actively circulating in the system. 

Because the outlet of the ACC is coupled directly to the compressor inlet, the interior of the 
ACC maintains essentially the same pressure as the compressor's inlet (suction) pressure. 
The use of thermal insulation to totally encapsulate the ACC reservoir causes the liquid in 
the reservoir to maintain the "saturated vapor temperature" that corresponds to the suction 
pressure. Maintaining the stored liquid at the saturated suction temperature enables the 
ACC to sense any superheating of vapor in the evaporator, because the superheated vapor 
will be hotter than the stored liquid by the same number of degrees as the number of 
degrees of superheat. 

Any vapor arriving at the ACC in a superheated condition will be hotter than the stored 
liquid in the ACC, and by contact with the stored liquid within the evaporator tube, will 
evaporate some of the liquid and place more refrigerant into active circulation within the 
system. This process of evaporating stored liquid continues until the evaporator is flooded 
and the superheat is reduced to, or near, zero. 

Maintaining the condition of near zero superheat at the ACC inlet, the ACC outlet, and at 
the compressor inlet is the condition of operating equilibrium for the ACC. When any 
changing system condition causes the evaporator to be "overflooded" such as a cooling 
down of the evaporator's heat source, some amount of liquid refrigerant will exit the 
evaporator and be trapped by the ACC. This trapping of liquid will continue until the 
excess system charge is removed and equilibrium is restored. 

Conversely when any changing system condition causes the evaporator to be less than fully 
flooded (meaning the system is undercharged and the evaporator is superheating the va-
por), the ACC will evaporate and place more refrigerant into active circulation until the 
evaporator is again flooded and equilibrium is restored. 
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Thus the ACC serves to prevent liquid refrigerant from reaching the compressor inlet 
(while continuously passing the compressor oil); prevents superheating of vapor in the 
evaporator, supplies cool dense vapor to the compressor inlet; and continuously adjusts the 
amount of refrigerant charge in active circulation. The ACC maintains an opt imum active 
charge through a wide range of system operating pressures and temperatures. 

With conventional controls, the superheating of vapor in the evaporator increases the BTUs 
per pound of circulated refrigerant, however, it also reduces the mass flow of refrigerant 
circulated by the compressor per unit of time due to the reduced volumetric efficiency and 
reduced suction pressure. The reduced suction pressure is due to the reduction in active 
evaporator surface. The net result of superheating therefore is a substantially reduced 
system efficiency and a higher compressor operating temperature. 

Application of Controls 

With the LFC and ACC coupled in a heat p u m p system as in Figure 2 ,  all of the six 
problems identified above are effectively overcome. Each major component - the compres -
sor, condenser and evaporator-are allowed to operate at maximum efficiency. 

Manufacturers of conventional systems, knowing that a fixed refrigerant charge system will 
be most efficient (relative to the quantity of charge) at only one set of operating tempera -
tures and pressures, must determine the "opt imum charge" for that system. They gener -
ally recommend a charge of refrigerant to be placed in the system by the installer which 
will allow the system to be most efficient in the most frequently occurring band of tempera -
tures and pressures in the region where the system is to be installed. The charge is a 
compromise which is intended to minimize subcooling at one extreme of conditions and 
limit blow-through at the other extreme. Even with the exact opt imum charge recom-
mended by the manufacturer, the charge is optimal at only one point in the system's 
operating range. 

With the ECR controls, an optimum charge is maintained in circulation throughout the 
system s operating range, thereby resulting in opt imum efficiency throughout that range. 
The amount of refrigerant placed in the system is not critical, because a sufficient amount 
of refrigerant is in reserve in the ACC to accommodate to all operating conditions and for 
any leakage that might occur in any system over a long period of time. 

The ECR Direct Expansion Ground Coupled Heat Pump 

Heat pumps for heating or cooling space generally are more efficient when the heat source 
or heat sink has a temperature near the temperature to be maintained in the conditioned 
space. When the heat source or heat sink temperature varies to an extreme above or below 
the temperature of the conditioned space, as happens with an air source heat p u m p , the 
system efficiency drops dramatically. This is especially true in extreme cold weather when 
the outside air temperature reaches its greatest departure from the controlled temperature 
in the conditioned space. 

Ground coupled heat pumps are generally more efficient than air source units because the 
earth's subsurface temperature is much more stable than the ambient air. Heat exchange 
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contac t with th e eart h is mor e efficient , especiall y if th e hea t exchang e contac t can be mad e 
withou t th e intermediat e hea t exchang e equipmen t tha t is used in conventiona l groun d 
couple d hea t pumps . 

Th e direc t expansio n groun d couple d hea t pum p (dxgc) eliminate s th e intermediat e fluid 
loop , its hea t exchanger , th e fluid pump , an d th e pumpin g power  requirement . Therefore , 
th e dxgc is a mor e efficient system . However , instabilit y of th e TXV an d th e proble m of 
returnin g refrigeran t from th e groun d coil to th e compresso r  at th e tim e of start-u p in th e 
cooling mod e require d totall y ne w refrigeran t control s for  th e dxgc system . 
Th e LFC overcome s th e stabilit y proble m by sensin g only th e condition s in th e condenser , 
thereb y eliminatin g th e delaye d respons e in th e evaporato r  tha t cause s th e TXV to hun t 
betwee n th e opene d an d closed position . Th e difficult y of startin g u p a direc t expansio n 
groun d couple d hea t pum p in th e cooling mod e arise s whe n th e eart h ma y be cold from 
previou s hea t extractio n in th e heatin g mode . Most of th e refrigeran t is condense d an d 
remain s at th e botto m of th e groun d coil. Th e proble m is acut e in norther n area s wher e 
eart h temperature s ar e muc h lower . A cold groun d coil condense r  will allow only a ver y 
low compresso r  discharg e pressur e to develop . Th e low discharg e pressur e is insufficien t to 
overcom e th e downwar d pressur e of th e vertica l colum n of liqui d an d rais e th e condense d 
(liquid ) refrigeran t upwar d in th e liqui d line of th e groun d coil. 

ECR ha s overcom e thi s proble m by coordinatin g th e design of th e groun d coil system with 
th e design of th e ACC . Th e liqui d refrigeran t reserv e normall y store d in th e ACC is 
transferre d to th e groun d coil durin g cooling cycle start-up . As a result , a larg e portio n of 
th e vertica l colum n in th e liqui d line is offset by a vertica l colum n of liqui d in th e vapo r  line 
of th e coil, an d th e effective condensin g surfac e of th e condense r  is substantiall y reduced , 
which increase s th e discharg e pressure . 

Th e system is essentiall y started-u p with a smal l condenser , the n as th e eart h coil warm s 
up , th e liqui d is returne d to storag e in th e ACC an d th e effective condensin g surfac e 
increase s to its norma l full size. 

Th e patente d LFC an d ACC hav e been used to improv e th e efficiency of groun d couple d 
hea t pumps , air  sourc e hea t pump s an d th e standar d commercia l sized air  conditioner . Th e 
firs t applicatio n was an ECR direc t expansio n eart h couple d hea t pum p wate r  heate r  which 
wa s th e most efficient wate r  heate r  ever  teste d at th e Florid a Solar  Energ y Center . Th e 
second applicatio n wa s in variou s ECR groun d couple d hea t pump s for  spac e heatin g an d 
cooling. Five electri c utilitie s an d one universit y hav e teste d th e system s in field demon -
stratio n project s in th e far  Sout h an d far  Nort h of th e U.S. in residentia l an d commercia l 
buildings . 

Th e direc t expansio n system eliminate s th e plasti c pip e loop of th e closed loop system , th e 
pumpin g to circulat e antifreeze , th e intermediat e hea t transfer , an d th e transfe r  of hea t 
betwee n plasti c pipe s in th e sam e bor e hole. 

Thi s is accomplishe d with th e use of thre e standar d refrigeratio n tube s installe d concentri -
cally with a therma l barrie r  separatin g th e liqui d fro m th e vapo r  line. Th e therma l barrie r  is 
establishe d by drawin g a vacuu m in th e spac e aroun d th e liqui d line an d by also usin g 
eithe r  a nylon liqui d line, or  a coppe r  tub e which ha s a thermall y reflectiv e surfac e coating . 
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These ttibes have been successfully operated in vertical and diagonal installations for sys -
tems ranging from one to five tons of capacity. In Florida with undisturbed earth tempera -
tures of approximately 76°F (24°C), in a 13 month electric utility monitored test of the ECR 
dxgc system for space heating and cooling, the heating season performance factor (HSPF) 
was 18.1 (COP=5.30), and the cooling season efficiency rating (SEER) was 13.6 (COP=3.99). 
The weather-sensitive winter peak demand reduction of the 2.5-ton ECR dxgc was 4.28 kW 
as compared to an air source heat p u m p using electric resistance heat strips at the winter 
peak. 

In Michigan with undisturbed earth temperatures of approximately 48°F (9°C), and 6,400 
heating degree days, the HSPF, as monitored by an electric utility, was 10.89 (COP=3.19). 
With an ambient temperature of 6°F ( - 1 5 ¼, the ECR system, even though intentionally 
undersized in design capacity for testing purposes, maintained the residence at a comfort -
able 74°F (23°C) without supplemental heating, and at an operating cost equal to that of a 
natural gas furnace in Michigan. 

In comparison with the closed loop method, the ECR dxgc reduces the bore hole volume by 
92%, reduces the trenching requirement by 90%, and by elimination of the plastic loop, it 
reduces the installed cost by at least US $1,000 and achieves an efficiency gain of approxi -
mately 15%. 

In a n electri c  utilit y  sponsore d tes t  b y th e  Universit y  o f  Centra l  Florid a  usin g tw o standar d effi -
cienc y York™ 1 ai r  sourc e  hea t  pump s  fo r  spac e  heatin g an d cooling ,  th e  uni t  whic h wa s  retrofitte d 
wit h ECR' s  controls ,  showe d mor e  tha n a  20 % averag e  efficienc y gai n ove r  th e  unmodifie d uni t  afte r 
nin e  month s  o f  operation . 

In a test of a 15-ton WeatherKin£Mair conditioner mounted on a supermarket roof operated 
with ECR's controls, the building owner and ECR are monitoring a greater energy effi-
ciency gain in a side-by-side comparison with an identical unit operating with standard 
controls. 

Although these efficiency gains are being achieved without the use of variable speed com-
pressors, scroll compressors, multispeed compressor or desuperheaters, the addition of any 
of those features would further increase system efficiency. 
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ABSIRACT 

Two installation s  fo r  sola r  collector s  testing s  hav e  bee n develope d a t  IVEA N 
scientifi c  stations-teste d "Sointse" .  Th e  desig n o f  th e  installation s  an d th e 
result s  o f  sola r  collector s  testin g ar e  discussed . 

KEYViCSDS 

Sola r  furnace ;  sola r  collector ;  testing ;  thermosyphone ;  revers e  circulatio n 

At  th e  IVTA N scientifi c  station-teste d "Sointse "  th e  installation s  fo r  sola r 
wate r  an d  spac e  heatin g system s  testing s  wer e  developed .  Ch e  o f  th e 
importan t  problem s  tha t  ca n b e  solve d b y usin g o f  thes e  installation s  i s 
sola r  collector s  testin g an d determination s  o f  thei r  performance s  (optica l 
an d thermal) . 

Che  o f  th e  installation s  tha t  ha s  bee n develope d b y IVEA N cxnstructcr s  i s 
shov n o n Figur e  1 .  Thi s  installatio n consist s  o f  sola r  collector s  array ,  fiv e 
hea t  stor e  tank s  (volum e  o f  th e  on e  i s  1.2 5  m 5 ) :  on e  i s  uppe r  vertica l  an d 
fou r  ar e  lowe r  horisontal ,  punps ,  pipe-line s  wit h sto p valves .  Th e  collector s 
ar e  place d o n s u p p l i n g fram e  ( 9 ÷  5  nD ,  v*iic h i s  oriente d tc**rd s  equato r 
an d incline d a t  È 0 t o  th e  horizon .  Th e  tank s  ar e  situate d unde r  collector s 
arra y s o th e  installatio n ca n operat e  a s  thermosyphon e  sola r  wate r  heater . 
IXrin g testing s  th e  horizonta l  hea t  stor e  tank s  ca n b e  use d a s  a  passiv e 
thermosta t  t o  maintai n tenperatur e  o f  a  hea t  transfe r  medi a  a t  a  constan t 
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Fig .  1 .  Th e  experimenta l  thermohydrauli c  installation , 

laye s  o n meta l  par t  o f  collectors . 

Fo r  th e  collector s  testin g th e  NB S procedur e  (ASHRA E Standar t  98-77 ,  1977 ) 
ha s  bee n used .  Adopte d procedur e  ha s  bee n use d t o  intensificatio n o f  th e 
testin g procedur e  (Tabo r  J.G. ,  1978) :  th e  testing s  simultaneousl y ha s  bee n 
carrie d ou t  wit h serie s  sola r  collector s  arra y durin g tw o hour s  a t  th e  noo n 
a t  th e  natura l  an d fcrse d circulatio n modes .  Th e  resul t  o f  th e  testing s 
allowe d t o  defin e  th e  followin g collector s  performances :  F'Cra  ) = 0.7 7 arx i 
F ' U 1 =10.8 6 Vr-m 2*" 1 

At  th e  secon d stag e  o f  th e  investigatio n th e  iirprove d (b y "Solntse "  team ) 

leve l  wit h a  hig h accurac y ( 0 . 2 ° O .  Th e  installatio n i s  equipe d wit h 
diagnosti c  instrumentations :  meteostaticn ,  pyranometers ,  thernrxoupl s  (i n  3 2 
points) ,  flo w meters ,  wate r  counters ,  pressur e  gauges ,  pressur e  transformer , 
autcmeti c  potentiometer s  an d ohnrneters .  A t  th e  firs t  stag e  o f  th e 
experimenta l  studin g th e  flat-plat e  collector s  o f  '"Spetsgelicmontazh' ' 
(Georgia,USSR )  ha s  bee n tested .  Th e  collector s  consis t  o f  stee l  no n selectiv e 
radiator s  covere d b y on e  glas s  pan e  (0.0 4 nO .  Botto m o f  th e  collecto r  i s 
insulate d b y fiberglas s  (0.04) .  Ther e  i s  n o sid e  insulation .  Th e  radiato r 
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sola r  collector s  hav e  bee n tested .  Th e  on e  glasse d collector s  Cfig.2 3 
consis t  o f  th e  stee l  radiator s  CO.  8  m 2 )  pointe d b y blac k varnish ,  vduc h wa s 
mixe d wit h soo t  C  100:1) .  Radiator s  ar e  situate d i n  th e  cell s  o f  th e  woo d 
frame .  The y ar e  covere d b y on e  pan e  o f  th e  glas s  an d hermeti c  (Gerlen-200 ) 
t o  preven t  th e  radiator s  fro m dus t  an d moisture .  Th e  radiator s  ar e  separate d 
fro m lowe r  sid e  o f  collecto r  b y therma l  insulation .  Th e  fram e  ha s  bee n mad e 
by can t  C0.CB 6 ÷  0.0 5 m) . 

The  tes t  allowe d t o  defin e  th e  followin g collector' s  performances : 

F ' C T O )  =  0.7 8 F' U =  6. 5 W V * 

Bot h type s  o f  sola r  collector s  ha s  bee n teste d o n th e  variou s  startin g 
condition s  i n  th e  rang e  11-48 °  C  a t  th e  flo w rate s  180-110 0 l/h . 

At  th e  natura l  circulatio n mod e  th e  installatio n allowe d t o  ge t  1300-150 0 1 
of  ho t  wate r  wit h 47-5 6 C  durin g clea r  day s  a t  th e  auturm-sprin g period . 
The  maximu m flo w rat e  wa s  25 0 l/h .  I n  winte r  th e  installatio n allowe d t o  ge t 
110 0 1  o f  ho t  wate r  wit h 41 °  C  Cth e  inle t  tenperatur e  i s  1 5 ° Ï .  Th e  revers e 
circulatio n i n  nigh t  tim e  als o ha s  bee n investigated .  Th e  flow-rat e  ha s  bee n 
measure d b y impelle r  counter .  Th e  maximu m valu e  o f  th e  flow-rat e  i s  5 0 l/h . 
I t  wa s  fixe d thre e  hour s  afte r  sunset . 

Abov e  mentione d IVTAN' s  collector s  hav e  bee n use d fo r  sola r  wate r  heatin g 
syste m whic h ha d bee n designe d fo r  marke t  buildin g i n  Mana s  (5 0 k m nea r 

Sointse) .  Schem e  o f  th e  hydrauli c  loo p o f  th e  syste m i s  s h o w o n Figur e  2 . 
The  syste m consist s  o f  th e  collector s  arra y (Fig .  2 ,  positio n  1) ,  hea t  stor e 
tan k (positio n 2 ) ,  purr p (positio n 3 ) ,  pipe-lines ,  ste p valves ,  automati c 
equipment .  Th e  collector s  arra y consist s  o f  seve n sola r  collector s  installe d 
on th e  supportin g frame ,  whic h i s  incline d a t  4 5 °  t o  th e  horiso n an d i s 
oriente d toward s  th e  equator .  Th e  vapour-wate r  heate r  i s  use d a s  a  hea t 
stor e  tank .  Th e  are a  o f  it' s  hea t  exchange r  enlarg e  fro m 1.9 3 m  2 t o  3. 1  m 2 

The  hea t  stor e  tan k an d th e  hea t  exchange r  ca n b e  rotate d a t  18 0 aroun d th e 
horisonta l  exis.Th e  tan k wa s  insulate d wit h glas s  mat s  (thre e  layers) . 

The  sola r  wate r  heatin g syste m ha s  tw o hydrauli c  loops .  Th e  tan k i s  fille d 
fro m th e  wate r  pipe-line .  T o fil l  th e  wate r  i n  th e  collecto r  th e  punr p i s 
used .  Afte r  fillin g i t  i s  switche d out .  T o preven t  undesirebl e  drai n o f  th e 
wate r  fro m th e  collecto r  t o  th e  tan k th e  chec k valv e  i s  used .  Afte r  th e 
fillin g o f  th e  collecto r  th e  wate r  leve l  i n  th e  tan k i s  reduce d t o  "h "  leve l 
an d remai n constan t  durin g a  oi l  operatio n season .  A n ai r  spac e  i n  th e  tan k 
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Fig .  2 .  Th e  hydrauli c  schem e  o f  installatio n fo r  th e 
sola r  wate r  heating . 

allow s  t o  reduc e  a  hea t  losse s  fro m th e  uppe r  hotes t  wate r  layes .  Du e  t o 
close d loo p schem e  o f  collector s  an d wate r  tan k th e  corrosio n i s  greatel y 
reduced . 

Ihde r  th e  influence s  o f  sola r  radiatio n th e  wate r  i n  th e  collector s  i s 
heate d t o  demande d tenperatur e  leve l  (eve n t o  1 0 0 °  O .  A t  surrmer-autun n 
monthe s  th e  maximu m irradianc e  o n th e  plan e  o f  th e  collector s  i s  900-100 0 
\^m ?  Vhe n th e  signa l  fro m th e  themoooupl e  sensor ,  tha t  installe d o n th e 
outsid e  o f  th e  upper  radiato r  (poin t  A ) ,  i s  appeare d th e  purr p i s  switche d 
on .  Th e  ho t  wate r  i s  force d ou t  fro m th e  collector s  int o th e  tan k b y th e 
wate r  fro m th e  lowe r  par t  o f  th e  tank .  T o preven t  th e  mixin g o f  th e  ho t  an d 
col d wate r  th e  pipe-lin e  fro m collector s  ha s  horizonta l  termina l  i n  storag e 
tank .  IXrin g th e  wate r  forcin g ou t  proces s  th e  tenperatur e  i n  collecto r  i s 
decrease d an d th e  contro l  bloc k switche s  ou t  th e  punp .  Durin g th e  da y ther e 
i s  a  fe w cycle s  repetition .  T o preven t  th e  froz e  damag e  th e  wate r  fro m th e 
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collector s  drai n ou t  throug h th e  bypas s  lin e  b y openin g th e  valv e  (positio n 
7) .  Th e  ful l  chainin g i s  realize d throug h th e  openin g valve s  (position s 
4 ,  6 ,  12 )  alon g th e  drainin g line . 

Let' s  examin e  som e  operationa l  performance s  o f  th e  system .  I n Jul y clea r  da y 
cxnditicn s  th e  wate r  tenperatir e  i n  th e  syste m arais e  fro m 2 4 C  t o È 0 C . 
Throug h seve n operatio n cycles .  133 0 1  o f  th e  ho t  wate r  ca n b e  obtained .  I f 
th e  wate r  i s  heate d t o  75° C the n th e  ranker  o f  operatio n cycle s  i s  fiv e  an d 
94 5 1  o f  th e  ho t  wate r  ca n b e  obtained .  I n  th e  Octobe r  94 5 1  o f  th e  wate r 

ï  ï 
ca n b e  heate d fro m 1 2 C  t o È 0 C  throug h fiv e  operationa l  cycles .  I n  sunnie r 
a t  th e  force d circulatio n mod e  (34 0 1/h )  330 0 1  o f  th e  wate r  i n  th e  tan k ca n 

ï  ï 
b e  heate d fro m 2 5 C  t o 6 1 C  throug h si x  hours .  I n  au tu m Wre n fle w rat e  i s 
39 0 1/ h 130 0 1  o f  th e  wate r  ca n b e  heate d from  1 5 C  t o 54° C throug h fiv e 
hours . 

RESULTS 

1.  Th e  industria l  collector s  wer e  teste d o n variou s  inle t  temperature s  (11 -
48°C 3 an d th e  flo w rate s  (7. 5 -  5 0 1  -ti "  m  )  o f  wate r  throug h NB S procedur e 
usin g th e  experimenta l  thsrndiydrauli c  installations . 
2.  Th e  experimenta l  sola r  modul e  wa s  teste d i n  th e  inle t  tenperatire s  rang e 
1 7 -  4 0 ° C an d th e  flo w rate s  rang e  12. 5 -  2 5 1  - h ðÃ? 
3.  Th e  uniqu e  activ e  ho t  wate r  installation ,  vhic h include s  sola r  nodule s  wa s 
oenstracted . 
4.  Th e  ho t  wate r  productivitie s  o f  bot h installation s  wer e  obtained . 
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ABSTRACT 

Hothouse s  structure s  utilizin g redundan t  radiatio n whic h roof s 
ar e  mad e  i n  th e  for m o f  parabolic-cylindrica l  surface s  fro m 
transparen t  film .  T o th e  lowe r  sid e  o f  th e  fil m light-trans -
paren t  stiffenin g rib s  ar e  fixe d inteprate d betwee n eac h othe r 
alon g elements .  Th e  activ e  dim-ou t  devic e  o f  th e  hothouse s  i s 
a  meta l  foi l  reelin g o n a  rotatin g drum .  Th e  suggeste d hot -
house s  structur e  allow s  t o  sto p radiatio n acces s  int o th e  con -
structio n b y meta l  foi l  unreelin g a t  sola r  radiatio n redundan t 
fo r  plants .  A  parabolic-cylindrica l  mirror ,  forme d a s  a  result , 
focuse s  reflecte d sola r  ray s  o n a  pip e  stea m generator .  Re -
sultin g fro m th e  heatin g o f  th e  latte r  stea m i s  worke d ou t  i n 
i t  whic h i s  directe d toward s  turbo-generato r  t o  wor k ou t  elec -
tri c  power .  Th e  hothous e  roo f  an d wall s  fil m structur e  a s  wel l 
a s  th e  possibilit y  o f  thei r  lowerin g t o  decreas e  sailnes s  a t  a 
stron g win d allow s  t o  reduc e  man y time s  material s  consumptio n 
i n  compariso n wit h othe r  plant s  (sets )  fo r  sola r  energ y trans -
formatio n an d t o  creat e  optima l  condition s  fo r  hothous e  plant s 
lif e  activity . 

KEYWORDS 

Sola r  energy ,  hothouse ,  parabolic-cylindrica l  roof ,  light-re -
flectin g film . 

INTRODUCTION 

Yiel d capacit y  o f  agricultura l  crop s  i n  particula r  vegetables , 
i n  th e  hothouse s  i s  approximatel y te n time s  mor e  tha n averag e 
yiel d capacit y  o f  th e  sam e  crop s  o n th e  ope n soil .  Therefor e 
expansio n o f  th e  area s  occupie d b y th e  hothouse s  i s  a  matte r 
of  topical ,  interest .  Th e  estimate s  sho w tha t  fo r  supplyin g th e 
Sovie t  peopl e  wit h product s  o f  th e  hothouse s  th e  hothouse s 
are a  shoul d occup y u p t o 30000 hectares .  Fo r  heatin g th e  are a 
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mentione d abov e  on e  shoul d bur n u p natura l  ga s  u p t o  5 * 1 0 
cubi c  meter s  pe r  year .  Therefor e  th e  hothouse s  wit h ga s  heat -
in g annuall y  nee d natura l  ga s  u p t o  1  ·  6  ·  10 "  cubi c  meter s 
pe r  hectare .  Fo r  th e  mos t  perfec t  hothouse s  on e  turn s  ou t  wel l 
t o  kee p a n optima l  artificia l  climat e  wit h th e  hel p o f  moist -
enin g soil ,  keepin g th e  specifi c  temperatur e  an d optimizin g 
sola r  an d artificia l  lighting .  Th e  prope r  sola r  lightin g i s 
achieve d wit h th e  hel p o f  artificia l  dim-ou t  o f  transparen t 
surface s  o f  th e  hothouse s  durin g intensiv e  sola r  glowin g fro m 
10 t o  1 6 hour s  o f  da y time .  Fo r  thi s  purpos e  th e  differen t  me -
thod s  ar e  use d includin g coatin g th e  transparen t  roo f  wit h 
lime ,  chal k an d othe r  opaqu e  substances .  Whe n th e  hothouse s 
ar e  dimmed-ou t  exces s  sola r  energ y i s  no t  used .  Fo r  th e  hot -
hous e  structur e  suggeste d her e  ful l  regulatio n o f  artificia l 
climat e  i s  provide d whe n energ y o f  sola r  radiatio n excesse s 
optima l  deman d o f  plant s  i n  sola r  ray s  an d th e  excessiv e 
energ y i s  use d fo r  productio n o f  electri c  energy .  I n  th e  cas e 
of  th e  approac h mentione d abov e  tw o consumer s  o f  sola r  energ y 
agricultur e  an d powe r  industr y whic h nee d larg e  area s  fo r  th e 
collector s  o f  sola r  radiatio n ar e  unite d fo r  consumptio n o f 
material s  an d soi l  areas .  I n  thi s  cas e  profitablenes s  o f  in -
vestmen t  t o  suc h hothouse s  o f  doubl e  functio n increase s  sharp -
l y  i n  compariso n wit h th e  hothouse s  intende d fo r  solar-hea t 
powe r  industr y onl y o r  fo r  agricultur e  only .  Th e  ai r  inflate d 
roo f  o f  th e  sola r  hothous e  suggeste d her e  wit h usin g exces s 
sola r  energ y simultaneousl y allow s  t o  solv e  partl y  foo d an d 
energeti c  problems .  Thi s  devic e  doe s  no t  us e  electri c  energ y 
fro m outside ,  o n th e  contrary ,  i t  generate s  i t  fo r  it s  ow n 
need .  Exces s  o f  generate d energ y goe s  t o  th e  powe r  networ k o f 
th e  complexe s  wher e  i t  i s  erected .  Th e  hothous e  fo r  growin g 
plant s  i n  col d climat e  i s  know n (U.S .  Paten t  ¸  4242833 ,  1981) . 
It s  structur e  contain s  reflecting-isolatin g panel s  locate d 
abov e  th e  hothous e  roo f  whic h ac t  a s  regulator s  o f  sola r 
energ y arrive d insid e  th e  hothous e  throug h th e  wate r  layer . 
The  wate r  laye r  locate d nea r  th e  hothous e  ceilin g i s  necess -
ar y  fo r  hea t  accumulatio n o f  exces s  radiation .  Th e  shortcom -
in g o f  th e  structur e  i s  tha t  i t  doe s  no t  allo w t o transfor m 
exces s  radian t  energ y into  electri c  on e  durin g war m tim e  o f 
th e  year .  Besides ,  keepin g th e  wate r  laye r  abov e  th e  hothous e 
ceilin g need s  increase d consumptio n o f  material s  becaus e  o f 
th e  larg e  weigh t  o f  th e  water .  Th e  hothous e  wit h a  remove d 
transparen t  roo f  i s  know n whic h allow s  t o  regulat e  amoun t  o f 
sola r  hea t  an d ligh t  penetratin g insid e  th e  hothous e  (Japa n 
Paten t  ¹  55-44567 ,  1980) .  However ,  thi s  devic e  ha s  a n essent -
ia l  shortcomin g becaus e  i t  regulate s  arriva l  o f  sola r  energ y 
onl y fo r  it s  transformatio n into  therma l  on e  an d the n int o 
electri c  on e  whic h ca n b e  use d i n  th e  futur e  fo r  equalizin g 
temperatur e  insid e  th e  hothous e  durin g th e  year .  Th e  suggest -
ed  structur e  o f  th e  hothous e  roo f  i s  mad e  o f  transparen t  fil m 
an d it s  parabolic-cylindrica l  shap e  i s  mad e  wit h ai r  inflate d 
fil m cylindrica l  transparen t  stiffenin g rib s  touchin g t o  eac h 
othe r  locate d paralle l  t o  linea r  focu s  o f  parabolic-cylind -
rica l  surfac e  an d fastene d behin d th e  rea r  sid e  wit h th e  mai n 
fil m breadth .  Durin g intensiv e  sola r  radiatio n th e  parabolic -
cylindrica l  surfac e  o f  th e  hothous e  transparen t  roo f  i s  co -
vere d b y ligh t  reflectin g fil m o r  meta l  foil .  S o th e  roo f 
surfac e  become s  a s  a  parabolic-cylindrica l  reflector .  Th e 
tub e  stea m generato r  locate d i n  th e  focu s  o f  th e  reflecto r 
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i s  heate d b y sola r  rays .  S o wate r  i n  th e  tub e  change s  int o 
superheate d steam .  Th e  stea m i s  carrie d t o  th e  turbin e  fo r 
transformatio n o f  stea m kineti c  energ y int o electri c  on e  an d 
wast e  stea m i s  carrie d int o th e  ai r  heate r  locate d insid e  th e 
hothouse · 

EXPERIMENTAL METHODS 

The  genera l  vie w o f  th e  hothous e  structur e  suggeste d i s  give n 
i n  Pig .  1,  wher e  1  -  a n inflate d parabolic-cylindrica l  surfac e 

Pig .  1.  Sola r  Hothous e 
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mad e  o f  transparen t  film ;  2  -  a  stea m generato r  locate d i n  th e 
focu s  o f  th e  parabolic-cylindrica l  surface ;  3  -  a  tub e  fo r 
suppl y o f  wate r  o r  othe r  heat-transfe r  agen t  t o  th e  stea m ge -
nerator ;  4  -  tube s  fo r  remova l  o f  superheate d stea m t o th e 
turbine ;  5  -  a  pum p fo r  buildin g u p prope r  pressur e  i n  th e 
stiffenin g r ib s  o f  th e  fil m surfac e  o f  th e  hothous e  roof ;  6  -
a  hos e  fo r  ai r  suppl y int o th e  fol m cylindrica l  stiffenin g 
r ibs ;  7  -  stiffenin g rib s  o f  th e  fil m roo f  i n  th e  for m o f  cy -
l inder s  mad e  o f  transparen t  fil m whic h allo w t o shap e  th e  pa -
rabolic-cylindrica l  inflate d roof ;  8  -  a  revers e  electri c  mot -
o r  fo r  spreadin g an d foldin g th e  fil m roof ;  9  -  a  guidin g ca -
bl e  fo r  fastenin g th e  l ight-reflectin g film ;  1 0 -  a  bo x i n 
whic h shaf t  1 6 fo r  reelin g u p rope s  1 7 spreadin g an d foldin g 
th e  fil m roo f  o f  th e  hothous e  i s  locate d whe n additiona l  ac -
ces s  o f  sola r  ray s  insid e  th e  hothous e  i s  neede d an d als o 
shaf t  1 8 fo r  reelin g u p th e  ligh t  reflectin g film ;  1 1 -  a  tur -
bin e  fo r  transformatio n o f  superheate d stea m energ y int o elec -
tri c  one ;  1 2 -  a  revers e  electri c  moto r  fo r  spreadin g an d 
foldin g th e  ligh t  reflectin g film ;  1 3 -  rod s  fo r  fastenin g th e 
stea m generato r  i n  th e  focu s  o f  th e  reflector ;  1 4 -  a  pressur e 
gauge ;  1 5 -  cros s  stiffenin g rib s  o f  th e  inflate d roo f  pre -
ventin g it s  deflectio n unde r  th e  influenc e  o f  rain ,  sno w an d 
wind . 

RESULTS 

Th e  structur e  describe d abov e  operate s  a s  fo l lows .  Firstl y 
th e  comman d fo r  switchin g o n ai r  pum p 5  i s  given .  Durin g ope -
rat io n o f  pum p 5  ai r  i s  supplie d t o  cylindrica l  stiffenin g 
rib s  7  o f  th e  hothous e  fil m roo f  wit h th e  hel p o f  hos e  6 .  Whe n 
th e  desire d ai r  pressur e  displaye d b y pressur e  gaug e  1 4 i s 
achieved ,  th e  inflate d roo f  take s  a  desire d parabolic-cylind -
r ica l  shap e  an d pum p 5  automaticall y  i s  switche d off .  The n 
whe n revers e  moto r  8  i s  switche d o n rope s  1 7 reel in g u p o n 
shaf t  1 6 sprea d th e  fil m roof .  Whe n th e  fil m roo f  reache s  th e 
sto p i n  th e  lo w part ,  th e  comman d fo r  switchin g of f  th e  moto r 
i s  automaticall y  given .  Durin g intensiv e  sola r  radiat io n th e 
comman d i s  give n t o  revers e  moto r  12 .  Guidin g rop e  9  spread s 
th e  ligh t  ref lect in g fil m u p t o  stoppe r  devic e  19 ·  Whe n th e 
ligh t  reflectin g fil m reache s  stoppe r  devic e  19 ,  electri c 
moto r  1 2 automaticall y  switche s  off .  Spreadin g the .  ligh t  re -
f lectin g fil m o n th e  inflate d parabolic-cylindrica l  roo f  con -
struct s  a  mirro r  reflecto r  whic h concentrate s  excessiv e  flo w 
o f  radian t  energ y t o  stea m generato r  2  fille d wit h wate r  o r 
othe r  heat-transfe r  agen t  throug h pip e  3 ·  Th e  wate r  insid e  th e 
stea m generato r  transform s  int o stiperheate d stea m an d goe s  t o 
turbin e  1 1 throug h th e  pipe ,  wher e  kineti c  energ y o f  th e  stea m 
change s  t o  electri c  one .  I f  i t  i s  necessar y t o  increas e  tempe -
ratur e  insid e  th e  hothous e  i n  coo l  days ,  th e  wast e  stea m afte r 
th e  turbin e  goe s  t o  th e  ai r  heate r  locate d i n  th e  hothouse . 
Wit h stickin g sno w o r  icin g th e  roof ,  war m ai r  i s  supplie d t o 
th e  gap s  betwee n th e  toroi d rib s  i n  orde r  t o  mel t  sno w o r  ic e 
an d fre e  th e  roo f  fro m th e  excessiv e  load .  Sola r  ray s  neede d 
fo r  progres s  o f  photosynthesi s  i n  plant s  penetrat e  t o  th e  hot -
hous e  throug h th e  sid e  transparen t  wal l  par ts .  I f  lightin g i s 
no t  sufficien t  th e  ligh t  reflect in g fil m wil l  b e  reele d o n th e 
rol l  o n shaf t  1 8 wit h th e  hel p o f  revers e  electri c  moto r  12 . 
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I n  cas e  whe n intensit y  o f  sola r  radiatio n i s  s o smal l  tha t  on e 
ca n neglec t  absorptio n o f  sola r  ray s  wit h th e  hothous e  roof , 
an d weathe r  condition s  ar e  no t  dangerou s  fo r  plant s  locate d 
i n  th e  hothouse ,  th e  inflate d fil m roo f  i s  remove d wit h th e 
hel p o f  rope s  syste m 17 ·  Y/he n electri c  moto r  8  i s  switche d o n 
rope s  1 7 ar e  reele d o n shaf t  2 0 an d th e  ai r  i s  simultaneousl y 
release d ou t  o f  th e  cylindrica l  stiffenin g rib s  wit h th e  hel p 
of  hos e  6 .  A s  a  result ,  th e  fil m roo f  i s  folde d lik e  a  curtai n 
nea r  th e  uppe r  en d o f  th e  hothouse . 

DISCUSSIO N 

So th e  suggeste d structur e  o f  th e  sola r  hothous e  wit h a n in -
flate d parabolic-cylindrica l  roo f  allow s  t o  sav e  material s 
an d decreas e  th e  weigh t  o f  th e  structur e  wit h th e  hel p o f 
changin g meta l  an d glas s  roo f  part s  t o  ai r  inflate d fil m piec -
e s  an d als o t o  us e  excessiv e  sola r  radiatio n spreadin g a  ligh t 
reflectin g fil m abov e  th e  roo f  durin g increase d sola r  radia -
tion .  Th e  ligh t  reflectin g fil m takin g a  shap e  o f  th e  hothous e 
parabolic-cylindrica l  roo f  look s  lik e  a  mirro r  reflecto r  an d 
concentrate s  sola r  ray s  o n th e  stea m generato r  locate d i n  th e 
focu s  o f  th e  reflector .  Excessiv e  sola r  radiatio n concentrate d 
on th e  stea m generato r  transform s  int o kineti c  energ y o f  stea m 
an d the n int o energ y o f  stea m directe d t o  th e  turbin e  an d 
transform s  int o electri c  energy .  Beside s  th e  suggeste d struc -
tur e  allow s  t o  solv e  tw o importan t  problem s  simultaneously : 
autonomou s  suppl y o f  energ y t o  structure s  lik e  hothouse s  an d 
increas e  i n  outpu t  o f  agricultura l  product s  b y effectiv e  us e 
of  soi l  areas .  Transformatio n o f  sola r  energ y int o electri c 
on e  wit h th e  hel p o f  a n inflate d parabolic-cylindrica l  roo f  o f 
th e  suggeste d hothous e  allow s  t o  provid e  i t  wit h  energ y fo r 
heatin g durin g coo l  tim e  o f  th e  yea r  an d sen d som e  excessiv e 
amoun t  o f  energ y fo r  othe r  purposes .  S o th e  suggeste d struc -
tur e  o f  th e  hothous e  allow s  t o  us e  effectivel y sola r  ray s  o f 
differen t  intensit y  (averag e  an d weak )  fo r  agricultur e  an d so -
la r  ray s  o f  hig h intensit y  whic h ar e  harmfu l  fo r  plant s  ma y b e 
use d fo r  energeti c  purpose s  savin g material s  becaus e  o f  usin g 
ai r  inflate d fil m structures . 
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ABSTRACT 

An annua l  utilizabilit y  metho d i s  presente d tha t  give s  a  ver y accurat e 
estimatio n (withi n a  fe w percent )  o f  th e  yearl y  performanc e  o f  a  sola r 
collecto r  directl y  fro m instantaneou s  collecto r  parameters .  Th e  mode l  ha s 
bee n validate d agains t  lon g ter m outdoo r  measurement s  an d detaile d 
simulatio n a s  presente d i n  thi s  paper . 

KEYWORDS 

Annua l  Collecto r  Performance ;  Simplifie d Model ;  Simulation ;  Incidenc e  Angl e 
Effects ;  Critica l  Radiatio n Level . 

INTRODUCTION 

A simplifie d expressio n fo r  estimatio n o f  th e  annua l  hea t  productio n o f  a 
collecto r  i n  th e  Swedis h climat e  ha s  bee n suggeste d (Karlsso n 1988) .  Th e 
model  whic h i s  base d o n a  tim e  integratio n o f  th e  collecto r  equatio n fo r 
al l  hour s  o f  th e  yea r  o f  irradiance s  exceedin g 30 0 W/m2 i s  o f  th e  form . 

Q112 =  (HlOO F̂'iroc )  -  F ' U ^ - T ^ J t ^ C (1 ) 

= yearl y  sola r  radiatio n >30 0 W/m2 i n th e  collecto r  plane . 
[KWh/(m2*yr) ] 

an d F'lL .  =  standar d collecto r  tes t  parameter s  base d o n averag e  flui d 
temperature .  [  -  ]  resp .  [W/(m2*K) ] 

yearl y  averag e  collecto r  operatin g temperature  (T^ n+Tout)/ 2  [C ] 

yearl y  averag e  ambien t  temperatur e  durin g operatin g hour s  [C ] 

yearl y  tim e  wit h sola r  radiatio n i n  th e  collecto r  plan e  >30 0 W/m2 . 
[hours/1000 ] 

empirica l  correctio n facto r  base d o n compariso n wit h lon g ter m an d 
instantaneou s  performanc e  measurements .  [  -  ] 
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Typica l  value s  fo r  th e  middl e  o f  Sweden ,  La t  59° ,  ar e  give n i n  tabl e  1 . 
Thes e  value s  ar e  determine d directl y  fro m hourl y climat e  data .  Give n i s  als o 
a  valu e  o f  C  determine d b y compariso n wit h measure d longter m data . 

The  MINSUN simulatio n programm e  ha s  bee n use d t o  validat e  thi s  simplifie d 
model  a s  par t  o f  a  simulatio n an d evaluatio n projec t  i n  Studsvik .  Th e 
climat e  use d wa s  fo r  Stockhol m 1986 . 

The  MINSUN simulatio n progra m ha s  bee n develope d fro m th e  wel l  know n TRNSYS 
programm e  withi n th e  IE A SH&C tas k VI I  fo r  simulatio n an d optimizatio n o f 
seasona l  storag e  systems . 

The  weathe r  dat a  i s  obtaine d fro m th e  Swedis h Meteorologica l  an d 
Hydrologica l  Institute .  Th e  direc t  radiatio n i s  measure d wit h pyrheliometer . 
Thi s  mean s  tha t  th e  calculatio n o f  inciden t  radiatio n ont o th e  collecto r 
plan e  i s  mor e  straigh t  forwar d an d accurat e  tha n whe n usin g horizonta l 
globa l  an d diffus e  radiation .  Thi s  i s  especiall y  importan t  fo r  Swedis h 
condition s  wit h lo w sola r  altitudes . 

RESULTS 

The  simpl e  expressio n eq .  (1 )  wa s  compare d wit h detaile d simulatio n wit h th e 
MINSUN programm e  fo r  Stockhol m 1986 .  Th e  agreemen t  wa s  surpricingl y good , 
se e  tabl e  1 .  Th e  collecto r  til t  wa s  45 °  an d th e  operatin g temperatur e  Ô 
was  70 eC v 

Tabl e  1 .  Compariso n betwee n th e  basi c  Karlsso n mode l  eq .  (1 )  an d 
detaile d simulatio n wit h th e  MINSUN programme . 

Parameter s  use d was :  H10 0 = 
op 

=781 ,  Ô  =1 3 °C , ao p t  =137 0 h ,  O0. 9 op 

COLLECTOR PARAMETERS 
F1(ôá ) F'U L SIMPL.  MODEL MINSUN DIFFERENCE 

[- ] [W/(m2*K) ] [kWh/m2 ] [KWh/m2] [  % ] 

0.7 5 3. 5 281 288 -2. 4 
0.7 9 3. 5 309 318 -2. 8 
0.8 1 3.3 5 334 344 -2. 9 
0.84 7 3.3 5 360 373 -3. 5 
0.84 7 2. 6 415 439 -5. 5 

The  basi c  mode l  doe s  no t  tak e  incidenc e  angl e  effect s  int o accoun t  i n  a n 
explici t  form .  Th e  accurac y o f  th e  mode l  ca n b e  improve d b y lettin g th e  C -
valu e  b e  effectiv e  onl y o n th e  optica l  ter m H100*F » (ôá) .  Thi s  i s  equivalen t 
t o  a n effectiv e  yearl y  incidenc e  angl e  modifie r  K r a e-  I n  thi s  cas e  th e  mode l 
i s  change d t o  th e  followin g form : 

Q112 =  H10 0 F'(ra) K -  F'U T( T - T ) t op ra e  L x o p aop '  < 

Ê ha s  bee n calculate d a s  a n energ y weighte d averag e  durin g hour s  o f 
operation .  Fo r  th e  climat e  Stockhol m 198 6 an d 45 °  collecto r  til t  Ê  wa s 
0.9 6 fo r  a  collecto r  wit h b  =0. 1 (Th e  sam e  equatio n K = l - b _ (l/cosxe )  -1) , 
se e  (Duffe y 198 0 p.263) ,  an d b  wa s  use d a s  i n  th e  MINSUN simulation) .  Th e 
discrepanc e  the n wa s  decrease d t o  les s  tha n 0.5 % fo r  th e  fou r  firs t 
collecto r  option s  i n  tabl e  1 . 
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For  th e  extrem e  futur e  fla t  plat e  collecto r  th e  simplifie d mode l 
underestimate s  th e  performanc e  wit h 1.6 % s e  tabl e  2 .  Th e  reaso n fo r  thi s 
underestimatio n i s  tha t  thi s  collecto r  ha s  a  muc h lowe r  critica l  radiatio n 
leve l  I c=17 5 W/m2 tha n th e  30 0 W/m2 use d t o  calculat e  th e  basi c  parameters . 

Tabl e  2 .  Compariso n betwee n th e  improve d Karlsso n mode l  eq .  (2 )  an d 
detaile d simulatio n wit h th e  MENSUN programme .  Th e  C -
valu e  i s  onl y effectiv e  o n th e  optica l  ter m HlOO^ . 

Parameter s  use d was :  H10 0 =781 ,  Ô  =13°C ,  t  =137 0 h ,  C = Ê  =0.9 6 

COLLECTOR PARAMETERS 
F» (ôá ) F'U L SIMPL.  MODEL MINSUN DIFFERENCE 

[- ] [W/(m2*K) ] [kWh/m2 ] [kWh/m2 ] [  % ] 

0.7 5 3. 5 289 288 +0. 3 
0.7 9 3. 5 319 318 +0. 3 
0.8 1 3.3 5 345 344 +0. 5 
0.84 7 3.3 5 373 373 +0. 1 
0.84 7 2. 6 432 439 -1. 6 

DISCUSSIO N 

To quantif y  th e  dependenc e  o f  th e  critica l  radiatio n leve l  a  recalculatio n 
of  th e  mode l  parameter s  fo r  differen t  level s  o f  I  ha s  bee n made .  Th e  resul t 
i s  show n i n fi g  1 .  I t  ca n b e  see n tha t  bot h H10 0  c  an d t  a s  ca n b e 

op — expecte d increas e  wit h decreasin g I op 

PARAMETER VARIATION WITH Ic 

CRITICAL RADIATION LEVEL Ic [W/m2 ] 

Fi g  1 .  Dependenc e  o f  th e  operatin g tim e  t  an d yearl y  energ y 
H100 o n th e  critica l  radiatio n l§$e l  I  .  Climat e  Stochol m 
1986? 5 c 



45 3 

The  dependenc e  o n I  i s  almos t  linea r  nea r  30 0 W/m2 s o th e  variatio n ca n b e 
describe d wit h a  linea r  equatio n wit h goo d accurac y fo r  bot h parameter s 
betwee n 10 0 an d 45 0 W/m2 .  Th e  resultin g equation s  derive d b y linea r 
regressio n are : 

Where : 

t  =  2608-3.980*I c (3 ) 

HlOO^  =  1068-1.002*I c (4 ) 

I c =  F  W ( T ^ T a o p) / F « (ôá )  (5 ) 

By equatio n (3) ,  (4 )  an d (5 )  a  mor e  accurat e  valu e  o f  t  an d H10 0 ca n b e 
calculate d fo r  collector s  wit h lo w UL .  ™ 

Theoreticall y  Ô  als o varie s  slightl y  wit h I  bu t  th e  influenc e  o n th e 
fina l  resul t  i s  ver y smal l  an d ca n b e  neglectea . 

I f  equatio n  (3) ,  (4 )  an d (5 )  ar e  use d instea d th e  discrepanc e  fo r  th e  bes t 
collecto r  i s  reduce d fro m -1.6 % t o +0.8 % . 

Ih e  valu e  o f  Ê  ca n b e  determine d b y calculatin g th e  distributio n 
of  th e  inciden t  Sirec t  radiatio n whe n th e  tota l  inciden t  radiatio n i s 
greate r  tha n 30 0 W/m2 .  Fro m thi s  statistic s  a n energ y weighte d yearl y 
incidenc e  angl e  modifie r  Ê  =0.9 6 ca n b e  calculate d fo r  th e  operatin g time . 
Figur e  2  show s  th e  amoun t  S¥ einsolatio n withi n differen t  15 °  interval s  o f 
incidenc e  angl e  t o  th e  collector .  Als o th e  duratio n tim e  i s  give n fo r  eac h 
interval . 

0 20 40 60 

MCDENCE ANGLE [omgrmm] 

Fi g 2 .  Yearl y insolatio n withi n 15 °  range s  fo r  th e  incidenc e  angl e 
t o  a  collecto r  wit h 45 °  til t  angl e  a t  latitud e  59° . 
Als o th e  operatin g tim e  withi n eac h interva l  i s  show n fo r 
comparison .  Climat e  Stockhol m 1986 . 
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The  Karlsso n mode l  eg .  (1 )  an d (2 )  ha s  als o bee n compare d wit h MINSUN 
simulation s  fo r  othe r  collecto r  orientation s  tha n 45 °  south .  Th e  simplifie d 
model  work s  jus t  a s  accurat e  fo r  a  wid e  rang e  o f  til t  angle s  an d azimuta l 
direction s  provide d tha t  th e  parameter s  t  an d H10 0 ar e  recalculate d fo r 
th e  orientatio n i n  question .  Th e  cperating r  tim e  ambien t  temperatur e  Ô  i s 
almos t  constan t  withi n ±  1.5° C fo r  al l  til t  angle s  fro m 0 °  t o  90 °  an d ^ 
azimut h angle s  fro m 90 °  eas t  t o  90 °  west ,  s e  tabl e  3 . 

The  accurac y i s  reduce d fo r  bot h equation s  fo r  th e  extrem e  orientation s 
± 90 °  an d til t  0 °  resp .  90 e .  Thi s  overestimatio n o f  th e  performanc e  a t 
extrem e  orientation s  i s  probabl y cause d b y incidenc e  angl e  effect s  whic h 
becom e  mor e  importan t  a t  thes e  orientation s  sinc e  (Ê(ôáâ )  ha s  bee n kep t 
constan t  i n  eq .  (2)) . 

Tabl e  3 .  Compariso n betwee n th e  Karlsso n mode l  an d MINSUN fo r 
othe r  azimut h an d til t  angles .  Collecto r  parameter s  F 1 (ôá )  =0.7 5 
F'UL=3. 5 W/(m2*K )  b  =0.1 .  Climat e  Stockhol m 1986 .  Ô  =70°C . 

TIL T AZMJI H H100 _ t Ô Q112 Q112 EEL. Q112 REL. 
op ao p MINSUN eq( D MINSUN eq(2 ) MINSUN 

de g de g kWh/m2 h °C kWh/m2 kWh/m2 - kWh/m2 -

45 -9 0 543 100 1 13, 6 182 183 1,0 1 187 1,03 0 
45 -6 0 670 119 2 13, 0 242 238 0,9 8 245 1,01 0 
45 -4 5 717 125 5 12, 7 264 258 0,9 8 265 1,00 5 
45 -3 0 754 131 5 12, 9 279 273 0,9 8 280 1,00 5 
45 -1 5 774 134 7 12, 9 286 281 0,9 8 288 1,00 7 
45 0 781 137 0 13, 0 288 281 0,9 8 289 1,00 5 
45 15 755 132 1 13, 2 280 274 0,9 8 281 1,00 4 
45 30 733 131 3 13, 6 267 262 0,9 8 269 1,00 7 
45 45 682 123 9 13, 9 246 242 0,9 8 248 1,00 8 
45 60 628 117 6 14, 7 221 219 0,9 9 225 1,01 7 
45 90 484 975 15, 9 157 161 1,0 2 164 1,03 9 

0 0 621 124 9 15, 3 191 204 1,0 7 208 1,08 9 
15 0 729 135 3 14, 2 249 254 1,0 2 261 1,04 5 
30 0 778 137 4 13, 5 284 281 0,9 9 288 1,01 5 
45 0 781 137 0 13, 0 288 281 0,9 8 289 1,00 5 
60 0 711 126 8 12, 8 258 252 0,9 8 258 1,00 1 
75 0 591 110 6 12, 5 201 199 0,9 9 203 1,00 8 
90 0 433 891 11, 6 124 128 1,0 3 130 1,04 2 

Fro m tabl e  3  i t  ca n als o b e  see n tha t  eq .  (1 )  systematicall y  give s  a  lowe r 
annua l  performanc e  tha n eq .  (2 )  fo r  collector s  wit h lo w UL-values . 

I n  thi s  investigatio n th e  effec t  o f  therma l  capacitanc e  o n th e  collecto r 
performanc e  ha s  bee n neglected .  I n  (KLei n 1973 )  i t  i s  show n tha t  fo r  fla t 
plat e  collector s  th e  introductio n o f  therma l  capacitanc e  i n  collecto r  model s 
give s  a n almos t  insignifican t  improvemen t  i n  accuracy .  I n  [Perer s  e t  a l 
1990 )  i t  ha s  bee n show n b y detaile d simulatio n wit h 1  mi n tim e  ste p tha t 
when usin g a  lh r  tim e  ste p i n  a  standar d simulatio n progra m a s  MINSUN th e 
reductio n i n  performanc e  du e  t o  therma l  capacitanc e  (compare d t o  a  collecto r 
wit h zer o capacitance )  i s  automaticall y  take n int o accoun t  t o  a  larg e  exten t 
by usin g hourl y mea n value s  fo r  th e  climat e  data .  Th e  earl y  mornin g 
radiatio n belo w th e  critica l  radiatio n leve l  I c  give s  require d hea t  fo r  th e 
collecto r  t o  reac h th e  operatin g temperature . 
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The  basi c  climat e  dat a  reductio n i n  thi s  metho d i s  simila r  t o  th e  wel l  know n 
utilizabilit v  metho d (Duffe y 1980 )  bu t  i n  thi s  cas e  th e  duratio n tim e  an d 
ambien t  temperatur e  fo r  eac h critica l  radiatio n leve l  i s  als o stored .  Thi s 
give s  th e  possibilit y  t o  hav e  a  simila r  equatio n fo r  instantaneou s  an d 
annua l  collecto r  performance . 

CONCLUSIONS 

The  basi c  Karlsso n mode l  ca n b e  use d fo r  predictin g th e  annua l  collecto r 
performanc e  directl y  fro m instantaneou s  collecto r  parameters . 

As  a  metho d fo r  estimatin g th e  chang e  i n  performanc e  du e  t o  improve d F 1 (ôá ) 
or  F'U L bot h eq .  (1 )  an d (2 )  sho w a  ver y goo d agreemen t  wit h detaile d 
simulation . 

By introducin g a n effectiv e  incidenc e  angl e  modifie r  i n  th e  mode l  th e 
accurac y ca n b e  improve d significantly . 

The  Karlsso n mode l  ca n b e  use d fo r  a  wid e  rang e  o f  azimut h an d til t  angles . 

For  hig h performanc e  collector s  tha t  ca n operat e  unde r  ver y lo w irradiatio n 
level s  tw o equation s  ar e  give n t o  calculat e  t  an d H10 0 .  Thi s  improve s 
th e  accurac y significantl y  fo r  thes e  collectors .  ^ 
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SOLAR HEATE D BUILDING S FO R EXTREME 
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ABSTRACT 

Sola r  heate d building s  desig n concep t  ha s  bee n develope d fo r 
extrem e  environmen t  region s  o f  h ig h la t i tudes .  "Adaptable " 
bui lding s  desig n concep t  ha s  bee n suggested . 

KEYWORDS 
Antarct ica ,  extrem e  environment ,  sola r  heate d bui ld ings ,  p a s -
siv e  sola r  architecture ,  "adaptable "  bu i ld ings . 

INTRODUCTION 

Energ y conservatio n i s  a  ke y optio n t o  sav e  costl y  fue l  i n 
isolate d extrem e  environmen t  regions .  I n  Antarctic a  mor e  tha n 
50% o f  costl y  diese l  fue l  i s  use d fo r  spac e  heat ing .  A t  th e 
inlan d region s  o f  Antarct ic a  annua l  heat in g degree-day s  r e -

ac h  2 5 , 0 0 0 . A t  th e  sam e  tim e  sola r  radiatio n intak e  i s  s ign i -
fican t  ther e  (  Shpilrai n  an d Sheinstein ,  1 9 8 8 ) .  Thu s  ther e  i s 
a  favorabl e  potentia l  fo r  sola r  spac e  heat in g system s  usin g 
i n  Antarc t ica . 

DESIG N O F SOLA R HEATE D BUILDING S 

Desig n o f  sola r  heate d bui lding s  fo r  extrem e  environmen t  r e -
gion s  i s  show n o n F ig .1 -4 .  Som e  compacte d passiv e  sola r  hea -
te d bui lding s  desig n fo r  wind y climat e  i s  show n o n F i g . 1 , 2 . 
"Sandwich "  panels ,  whic h widel y ar e  use d i n  Antarctic a  fo r 
bui lding s  constructions ,  ca n b e  use d a s  a  sola r  thermosyphon e 
ai r  collectors ,  F i g . 2 . Fo r  hars h environmen t  region s  whic h 
hav e  lon g durna l  cycle s  o f  continuousl y sunligh t  an d n o s o -
la r  radiatio n intake,"adaptable "  building s  desig n concept(it* s 
ou r  term )  ca n b e  interesting .  "Adaptable "  buildin g ca n o e 
opene d t o  us e  sola r  energ y C&urin g Austra l  Summer ;  an d ca n b e 
transforme d t o  b e  "superinsulated "  whe n ther e  i s  n o sola r  r a -
diat ion ,  Fig. 3 ,4 * 
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Fig »2 .  Passiv e  sola r  buildin g ("sandwich "  panel s 

construction ) 
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P i g . 4 .  " A d a p t a b l e "  a c t i v e s o l a r  b u i l d i n g . 

F i g * 3 · T r a n s f o r m a t i o n s c h e m e o f t h e " a d a p t a b l e " 

b u i l d i n g 
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ABSTRACT 

The  presentatio n summarize s  objectives ,  curren t  activitie s  an d accomplishment s 
of  th e  programm e  an d i n  particula r  o f  activ e  an d passiv e  solartherma l  system s 
fo r  ho t  wate r  preparatio n an d heatin g o f  buildings .  Thes e  application s  offe r  a 
grea t  energ y savin g an d substitutio n potentia l  i n  th e  FR G o f  th e  orde r  o f  35 Z 
of  th e  tota l  end-us e  energ y demand .  Th e  sola r  programm e  comprise s  R& D an d 
demonstratio n o f  ne w innovativ e  concepts ,  e.g .  th e  applicatio n o f  transparen t 
insulatio n i n  integrate d sola r  collecto r  storag e  system s  a s  wel l  a s  i n 
buildin g facades ,  monitorin g programme s  o f  sola r  low-energ y houses ,  th e  lon g 
ter m tes t  o f  th e  reliabilit y  an d therma l  performanc e  o f  sola r  domesti c  ho t 
wate r  (DHW)  system s  an d th e  developmen t  o f  ne w dynami c  shor t  ter m tes t 
procedure s  fo r  DH W systems . 

KEYWORDS 

Sola r  programme ;  activ e  solar ;  passiv e  solar ;  innovativ e  concepts ;  transparen t 
insulation ;  demonstration . 

INTRODUCTION 

I n 199 0 th e  Federa l  Ministe r  fo r  Researc h an d Technolog y (BMFT )  establishe d 
th e  3r d Programm e  o n Energ y Researc h an d Technolog y (BMFT ,  1990) .  R& D o n 
energ y conservatio n an d renewabl e  energ y source s  ha s  agai n bee n give n a  hig h 
priority .  1 5 year s  ago ,  afte r  th e  firs t  oi l  crisis ,  th e  mai n goa l  wa s  directe d 
toward s  guaranteein g a  secur e  energ y suppl y b y substitutin g oi l  b y othe r 
energ y source s  (coal ,  gas ,  nuclear ,  renewables )  an d energ y conservation .  Toda y 
th e  majo r  impac t  i s  th e  protectio n o f  th e  environmen t  an d o f  th e  worl d climat e 
whic h i s  believe d t o  b e  change d a s  a  resul t  o f  greenhous e  gases .  Recentl y  a 
Parliamentar y Commission :  "Protectio n o f  th e  worl d climate "  requeste d enhance d 
effort s  o n R& D an d implementatio n o f  renewabl e  energie s  an d energ y conserva -
tio n technologie s  i n  orde r  t o  mee t  th e  growin g energ y deman d o f  th e  worl d i n 
a n ecologicall y  acceptabl e  wa y i n  th e  future . 

Durin g th e  pas t  1 5 year s  a  lo t  o f  differen t  energ y savin g technologie s  hav e 
bee n develope d an d sucessfull y  implemented .  Th e  primar y energ y consumptio n ha s 
bee n kep t  constan t  i n  th e  FR G i n spit e  o f  a  AOZ increas e  i n  th e  gros s  nationa l 
product .  Ther e  i s  stil l  a n enormou s  energ y savin g potential ,  i n  particula r  i n 
buildings .  Thi s  secto r  require s  mor e  tha n 35 2 o f  th e  tota l  primar y energ y 
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deman d fo r  spac e  heatin g an d ho t  wate r  preparation .  Sola r  activ e  an d sola r 
passiv e  technologie s  a s  wel l  a s  energ y conservatio n ca n reduc e  th e  primar y 
energ y deman d considerably . 

PROGRAMME:  RENEWABLES AN D ENERGY CONSERVATION 

Thi s  pape r  ca n onl y presen t  a  ver y concis e  review .  Sinc e  197 4 mor e  tha n 50 0 
project s  hav e  bee n funde d b y BMFT wit h 2,50 0 millio n DM.  Tabl e  1  give s  a 
breakdow n o f  th e  mai n topic s  an d th e  allocate d budget .  Th e  annua l  fund s  hav e 
bee n increase d considerabl y durin g th e  las t  fe w years .  Ne w prioritie s  hav e 
bee n set .  Man y technologie s  ar e  no w read y fo r  commercializatio n o r  hav e 
alread y bee n implemente d successfully ,  e.g .  hig h efficien t  burner s  an d lo w 
temperatur e  heatin g systems ,  distric t  heatin g systems ,  hea t  pump s  an d sola r 
domesti c  ho t  wate r  systems . 

Tabl e  1 .  Renewable s  an d Energ y Conservatio n 
BMFT Expenditure s  i n  Millio n D M 

197 4 -  8 9 87 88 89 90 

Photovoltaic s 56 7 60 70 97 95 

Wind 25 2 18 16 34 27 

Technologie s 
fo r  developin g 
countrie s 

55 1 31 36 42 35 

Geotherma l 17 3 5 3 12 15 

Sola r  Therma l 
active/passiv e 

23 8 11 12 11 16 

Energ y Storag e 13 0 14 5 7 10 

Hydroge n 11 3 8 10 21 18 

Biologica l  Energ y 
Generatio n 

20 

Researc h Centre s 26 8 22 24 24 29 

Tota l 2  50 7 18 1 19 8 25 5 30 9 

However ,  th e  marke t  penetratio n o f  renewable s  an d energ y savin g technologie s 
i s  stil l  hampere d b y hig h investmen t  cost s  an d lon g amortizatio n time s  o f  th e 
system s  a t  th e  presen t  energ y prices .  Therefor e  a  majo r  goa l  i s  t o  improv e  th e 
cost-effectiveness ,  efficienc y an d durabilit y  o f  thes e  technologies .  T o 
achiev e  thi s  goa l  bot h lon g ter m R& D o n ne w innovativ e  concept s  a s  wel l  a s 
demonstratio n programme s  t o  implemen t  advance d technologie s  ar e  bein g carrie d 
ou t  i n  th e  programme . 

Photovoltaic s  hav e  bee n give n th e  highes t  priorit y  (Tabl e  1 )  wit h respec t  t o 
th e  hig h technologica l  potentia l  an d th e  increasin g market .  Bot h th e  develop -
ment  o f  ne w sola r  cel l  productio n technologie s  an d ne w sola r  cel l  concepts , 
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e.g .  thi n fil m technologies ,  ar e  expecte d t o  reduc e  th e  modul e  cost s  fro m 1 5 
DM/W t o 5  DM/ W i n th e  nex t  1 0 years .  Lon g ter m effort s  includ e  R& D o n sola r 
hydroge n a s  wel l  a s  basi c  R& D i n a  recentl y  starte d programm e  o n photobiologi -
ca l  productio n o f  hydrogen . 

Anothe r  importan t  subjec t  o f  th e  programm e  i s  th e  developmen t  o f  renewable s 
fo r  applicatio n i n  developin g countrie s  (DC) .  Obviousl y th e  utilizatio n o f 
renewable s  ca n contribut e  t o  thei r  rapidl y growin g energ y demand .  Renewabl e 
energ y system s  ofte n fi t  ver y wel l  int o existin g decentralize d energ y system s 
i n  DC .  Severa l  bilatera l  cooperatio n project s  dea l  wit h th e  demonstratio n o f 
ne w sola r  technologie s  unde r  th e  specifi c  climati c  an d socia l  condition s  o f 
DC.  Th e  join t  project s  includ e  photovoltai c  powere d systems ,  e.g .  telecommuni -
cation s  an d wate r  pump s  an d sola r  therma l  systems ,  suc h a s  lo w cos t  ai r 
heater s  fo r  drying ,  se a  wate r  desalination ,  coolin g an d powe r  generation . 

The  impementatio n o f  renewabl e  energ y technologie s  i n  German y i s  bein g sup -
porte d b y extende d demonstratio n programmes .  A  10 0 MW win d programm e  wa s 
initiate d i n  198 9 an d wil l  b e  extende d u p t o  20 0 MW i n vie w o f  th e  grea t 
publi c  respons e  an d interes t  i n  1991 .  Recentl y  th e  100 0 sola r  roo f  programm e 
was  announce d b y BMFT.  I n thi s  programm e  gri d connecte d photovoltai c  system s 
wit h 1- 5 K W capacit y  wil l  b e  installe d o n roof s  o f  houses .  Th e  installatio n 
cost s  wil l  b e  share d betwee n BMFT (50Z) ,  th e  State s  (20Z )  an d th e  hom e  owners . 
Surplu s  electricit y  ca n b e  fe d int o th e  gri d  a t  a  favourabl e  price .  Th e  fiel d 
tes t  an d monitorin g programm e  wil l  provid e  broa d experience s  an d reliabl e 
result s  fo r  th e  optimizatio n o f  th e  systems . 

Sola r  Activ e  Technologie s 

Sola r  domesti c  ho t  wate r  system s  (DHW)  hav e  bee n commercia l  fo r  mor e  tha n te n 
years .  Mor e  tha n 300,00 0 m  sola r  collector s  hav e  bee n installe d s o fa r  i n  th e 
FRG.  Th e  effort s  i n  th e  programm e  focuse d o n th e  followin g topics : 

-  lon g ter m monitorin g programme s  o n selecte d sola r  installation s 
-  tes t  programme s  o n sola r  DH W system s 
-  developmen t  o f  standardize d syste m tes t  method s  (DIN ,  ISO ) 
-  investigatio n o f  ne w innovativ e  component s  an d systems ,  e.g .  ne w sput -

tere d selectiv e  absorbe r  surfaces ,  transparen t  insulatio n fo r  hig h 
efficien t  collectors . 

Fro m 197 9 -  198 4 abou t  14 0 larg e  solar-assiste d DH W an d heatin g system s  wer e 
installe d i n  publi c  building s  (Peuser ,  1990) .  A s  par t  o f  th e  CE C programm e  o n 
sola r  heate d outdoo r  swimmin g pools ,  8  plant s  hav e  bee n erecte d i n  Germany , 
th e  las t  tw o i n  198 8 consistin g o f  lo w cos t  plasti c  absorbers .  Abou t  4 0 sola r 
plant s  an d 6  sola r  heate d swimmin g pool s  hav e  bee n monitored .  Sola r  heate d 
swimmin g pool s  hav e  prove d t o  b e  on e  o f  th e  mos t  economi c  application s  o f 
sola r  energ y i n  Germany .  Th e  substitutio n potentia l  i s  large :  ther e  ar e  mor e 
tha n 6,00 0 publi c  outdoo r  swimmin g pool s  an d 300,00 0 privat e  pools . 

The  monitorin g programm e  o n selecte d sola r  installation s  detecte d man y 
deficiencie s  an d ofte n a  poo r  syste m efficiency .  Thi s  wa s  a  resul t  o f 
incorrec t  plannin g an d desig n o f  th e  plants ,  unfavourabl e  control , 
installatio n mistake s  an d imprope r  connectio n t o  th e  conventiona l  back-u p 
heatin g system .  Meanwhil e  al l  th e  monitore d system s  hav e  bee n repaire d an d 
sho w quit e  a n improve d efficiency . 

Thes e  result s  confir m tha t  activ e  sola r  system s  ca n contribut e  considerabl y t o 
th e  energ y deman d eve n unde r  th e  les s  favourabl e  sola r  radiatio n condition s  o f 
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FRG provide d th e  prope r  desig n an d correc t  installatio n an d maintenanc e  o f  th e 
installation s  ar e  ensured .  Th e  activ e  sola r  system s  ca n provid e  25 0 KWh/m 2 

wit h standar d fla t  plat e  collector s  an d u p t o  45 0 KWh/m 2 wit h hig h efficien t 
collector s  o r  i n  lo w temperatur e  solar-assiste d preheatin g systems . 

The  disseminatio n o f  th e  results ,  i n  particula r  t o  designer s  an d architect s  i s 
considere d t o  b e  a  ke y issu e  o f  th e  programme .  Informatio n o n project s  i s 
provide d b y a  specia l  informatio n cente r  BIN E a s  wel l  a s  i n  seminars . 

Recentl y  a n extensiv e  tes t  programm e  o n 1 4 commercia l  sola r  DH W system s  wa s 
complete d (HOB ,  A .  1987) .  Th e  projec t  wa s  carrie d ou t  b y TU V Bayer n e.V .  t o 
determin e  th e  therma l  performance ,  reliabilit y  an d economic s  o f  sola r  DH W 
systems .  Dat a  fro m th e  tes t  programm e  hav e  bee n use d b y companie s  t o  optimiz e 
system s  an d hav e  bee n publishe d t o  infor m th e  public .  Th e  projec t  starte d i n 
198 5 wit h a  lon g ter m outdoo r  monitorin g programme .  Th e  sola r  system s  ha d t o 
provid e  20 0 liter s  ho t  wate r  o f  45 °  C  daily .  Th e  system s  consis t  generall y  o f 
6  -  8  m 2 sola r  collector s  (fla t  plate ,  hig h efficien t  tubula r  collectors , 
pumpe d o r  thermosypho n systems )  an d a  20 0 -  50 0 lite r  ho t  wate r  boiler .  Th e 
component s  wer e  teste d i n  separat e  laborator y tests .  Th e  tes t  programm e  wa s 
extende d i n  198 7 fo r  5  selecte d system s  whic h hav e  bee n rebuilt .  Th e  improve d 
system s  sho w a  goo d therma l  performance ,  reliabilit y  an d safety .  Syste m effi -
ciencie s  var y betwee n 19 Z an d 47Z .  Hig h efficien t  sola r  collector s  delivere d 
u p t o  60 0 KWh/m 2 o f  usefu l  sola r  energ y t o  th e  consumer .  Amortizatio n time s  o f 
15 an d 3 0 year s  wer e  calculate d wit h a n energ y pric e  o f  0.2 1 DM/KWh. 

The  developmen t  o f  standard s  fo r  qualit y  contro l  i s  a  ver y importan t  pre -
requisit e  fo r  th e  marke t  implementation .  A  standar d tes t  procedur e  i s  bein g 
develope d t o  allo w th e  determinatio n o f  th e  annua l  performanc e  o f  th e  sola r 
syste m withi n a  fe w weeks .  Th e  investigation s  ar e  bein g carrie d ou t  i n  a 
cooperatio n o f  DI N e.V. ,  TU V Bayer n e.V .  an d th e  Universitie s  o f  Munich , 
Stuttgar t  an d Aachen/JUlich .  Th e  result s  sho w tha t  th e  propose d metho d o f  a 
shor t  ter m dynami c  tes t  i s  abl e  t o  determin e  th e  annua l  performanc e  wit h a n 
accurac y o f  abou t  52 .  Th e  metho d ha s  bee n validate d wit h severa l  differen t 
smal l  sola r  DH W system s  (pumped ,  thermosyphon ,  fla t  plat e  an d evacuate d 
collectors ,  integrate d storag e  collecto r  systems) .  Th e  metho d i s  bein g 
propose d a s  th e  Germa n Nationa l  Standar d (DIN )  an d fo r  th e  Internationa l 
Standar d Organizatio n (ISO) .  Futur e  wor k wil l  investigat e  th e  applicabilit y  o f 
th e  metho d fo r  in-sit u  measurement s  an d plant s  o f  large r  sizes . 

Sola r  Passiv e  Technologie s 

Thi s  topi c  o f  th e  programm e  cover s  a  ver y broa d spectru m o f  R& D an d demonstra -
tio n project s  dealin g wit h differen t  energ y savin g technologie s  an d sola r 
architecture .  Th e  effort s  focu s  o n th e  reductio n o f  th e  spac e  heatin g demand . 
The  presen t  standard s  se t  a n uppe r  specifi c  limi t  o f  15 0 KWh/m 2 a .  A  ne w 
regulatio n unde r  preparatio n reduce s  thi s  uppe r  limi t  b y 30Z .  Th e  result s  o f 
th e  programm e  sho w tha t  eve n muc h lowe r  heatin g demand s  ar e  technicall y 
feasible .  Thi s  ha s  bee n shown ,  fo r  instance ,  i n  th e  projec t  Landstuh l  (Grube r 
e t  al. ,  1989 )  fo r  singl e  an d tw o famil y houses .  A  summar y o f  th e  result s  wil l 
be  presente d below .  I n  a  join t  Swedish-Germa n cooperatio n lo w energ y terrac e 
house s  wer e  buil t  i n  Ingolstad t  (FRG )  an d Halmstad t  (Sweden) .  Th e  spac e 
heatin g deman d o f  thes e  building s  i n  Ingolstad t  coul d b e  reduce d b y 60 Z 
compare d wit h conventiona l  buildings .  I n  th e  ne w houses ,  Swedis h buildin g an d 
Germa n heatin g technologie s  hav e  bee n combined .  Recentl y  th e  projec t 
Heidenhei m wa s  starte d t o  sho w th e  grea t  energ y savin g potentia l  wit h 
presentl y  availabl e  technologie s  integrate d i n  well-designe d heatin g systems . 



46 4 

I n th e  programm e  ne w innovativ e  concept s  ar e  als o bein g investigate d fo r  th e 
buildin g o f  ver y low-energ y o r  eve n energ y autonomou s  houses .  A  par t  o f  thes e 
effort s  i s  bein g include d i n  th e  IEA-cooperation :  Sola r  Advance d Building s 
withi n th e  IE A Programme :  Sola r  Heatin g an d Coolin g (Hestnes ,  1989) .  A  mai n 
effor t  o f  th e  Sola r  Passiv e  Programm e  focuse s  o n R& D o n transparen t  insulatio n 
an d th e  demonstratio n o f  it s  applicabilit y  i n  pilo t  projects .  Furthe r  topic s 
of  th e  programm e  ar e  therma l  modellin g o f  building s  an d th e  developmen t  o f 
simplifie d desig n tool s  whic h ca n b e  use d b y architects .  German y i s  participa -
tin g i n  th e  CE C projec t  PASSY S an d i n  man y othe r  IE A projects .  I n  th e  follow -
in g onl y tw o project s  ca n b e  reviewe d briefly . 

Projec t  Landstuh l 

Fro m 198 4 t o  1985 ,  2 2 sola r  house s  an d 3  referenc e  house s  wer e  buil t  i n 
Landstuh l  an d a t  som e  othe r  place s  i n  th e  FR G withi n thi s  project .  Th e  house s 
wer e  insulate d ver y well .  Betwee n 198 5 an d 198 7 a n extensiv e  monitorin g 
programm e  wa s  carrie d ou t  t o  determin e  th e  therma l  performanc e  o f  th e 
component s  an d systems .  Th e  house s  wer e  designe d a s  sola r  passiv e  house s  wit h 
larg e  sout h oriente d window s  an d winte r  garden s  an d temporar y shadings .  Th e 
house s  wer e  equippe d wit h lo w temperatur e  floo r  heatin g an d ai r  heatin g 
systems ;  i n  1 3 house s  sola r  domesti c  ho t  wate r  system s  wer e  installe d an d 6 
house s  include d spac e  heatin g heat-pum p systems .  Summarizing ,  th e  result s  o f 
th e  projec t  sho w tha t  th e  highes t  priorit y  mus t  b e  give n t o  a n extremel y goo d 
insulatio n fo r  th e  building .  Th e  behaviou r  o f  th e  inhabitant s  (closin g th e 
rolle r  shutters ,  operatio n o f  th e  ventilatio n system )  an d th e  require d comfor t 
(indoo r  temperature )  drasticall y  influenc e  th e  energ y savings .  Th e  sola r  gain s 
of  th e  window s  ar e  t o  a  larg e  exten t  compensate d fo r  b y th e  therma l  losse s  o f 
th e  window s  wit h th e  usua l  standar d o f  k  =  2. 8 W / m 2 Ê  (doubl e  glazing) .  Th e 
evaluatio n o f  th e  monitorin g programm e  show s  tha t  winte r  garden s  reduc e  th e 
leatin g deman d onl y marginall y  b y abou t  10 Z provide d tha t  thes e  ar e  no t  heate d 
:onventionall y  i n  winter .  Today ,  winte r  garden s  ar e  ver y popula r  i n  German y 
nainl y i n  vie w o f  thei r  hig h livin g comfort . 

Che  sola r  domesti c  ho t  wate r  system s  showe d typicall y  syste m efficiencie s  o f 
kO -  55 Z fo r  vacuu m collecto r  system s  an d o f  3 0 -  40 Z fo r  standar d fla t  plat e 
:ollectors .  Th e  sola r  DH W system s  achieve d a  usefu l  sola r  energ y gai n o f  u p t o 
I MWh/year .  Thi s  value ,  however ,  depend s  strongl y o n th e  consumption .  Lo w 
:onsumptio n lead s  t o  highe r  losses . 

transparen t  Insulatio n 

i clos e  cooperatio n betwee n severa l  researc h institute s  an d companie s  wa s 
itarte d i n  198 6 (GOtzberger ,  Á. ,  1989) .  Meanwhil e  a  remarkabl e  stat e  o f 
levelopmen t  ha s  bee n attaine d whic h alread y allow s  th e  applicatio n o f  th e 
laterial s  i n  pilo t  an d demonstratio n projects .  Basi c  R& D addresse s  th e 
levelopmen t  o f  ne w material s  (e.g .  aerogels )  an d th e  optimizatio n o f  thermo -
•ptica l  propertie s  a s  wel l  a s  th e  integratio n i n  system s  (facades ,  window s 
d t h automaticall y  drive n rolle r  blind s  t o  preven t  overheatin g i n  summer) .  A 
ecen t  stud y (Loh r  e t  al. ,  1989 )  ha s  show n tha t  th e  spac e  heatin g deman d ca n 
>e  reduce d b y 50 Z i n conventionall y  insulate d house s  an d u p t o  80 Z wit h trans -
>aren t  insulation .  Transparentl y  insulate d facade s  ca n contribut e  t o  a  spac e 
leatin g deman d wit h 10 0 -  20 0 KWh/m 2 a .  Firs t  house s  hav e  bee n equippe d wit h 
he  transparen t  insulation .  Advance d system s  hav e  no w bee n installe d i n  a  two -

famil y hous e  an d a  multifamil y house ,  Sonnenackerwe g i n  Freibur g an d i n  on e 
iamil y terrac e  houses ,  Hellerho f  i n  Dusseldorf .  Interestin g an d architec -
:onicall y  acceptabl e  concept s  hav e  bee n worke d out . 
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PERFORMANCE OF COLLECTORS WITH FLAT FILMS OR HONEYCOMBS 
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ABSTRACT 

Detailed comparative measurements have been performed on collectors with a Teflon film or a 
honeycomb structure as the secondary glazing. The results indicate that a replacement of the 
Teflon film by a 30 mm honeycomb in a large area flat collector in Sweden, operating at a 
temperature of around 70°C, will increase the performance by around 40-50 kWh/m2 or 10-15% 
on an annual basis. This is estimated from laboratory optical transmittance measurements and 
hot-box heat loss measurements, and also confirmed by outdoor collector measurements of daily 
efficiency. The improved efficiency is a result of a strong reduction in the UL-value of 0.7-1.1 
W/m 2 oC , combined with only a small decrease in the solar transmittance of 1-2 %. 

KEYWORDS 

Transparent insulation materials; honeycomb; flat plate collectors. 

INTRODUCTION 

The collectors in the large Swedish solar systems, used for district heating, operate at a relatively 
high temperature (50-90°C). They are always equipped with one or two Teflon films between the 
absorber and the glass cover. However, at these high temperatures, there is a need for a more 
efficient transparent or translucent insulation material (TIM), which reduces the heat losses 
without losing significantly in solar transmittance. 

The use of a translucent honeycomb structure as secondary glazing in high temperature collectors 
has been proposed by Rommel and Wittver (1987). In this paper a commercially available 
polycarbonate honeycomb (reg. trademark Arel) is investigated and compared with a flat Teflon 
film. The laboratory measurements were performed with several different thicknesses of the 
honeycomb, while in the outdoor collector measurements only the 30 mm was used. 
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COLLECTO R MEASUREMENT S 
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Tw o identica l solar  collector s (Fig. 1) hav e been constructe d at the Alvkarleb y laborator y for  the 

purpos e of comparin g the performanc e of collector s with differen t kind s of TIM's . Th e collector s 
ar e mounte d side by side on a stage , which can be eithe r  trackin g aroun d a vertica l axis or  set in a 
stati c position . Th e slope could be adjuste d freely betwee n 0 and 90 degrees . Th e collector s ar e 
insulate d with 100 mm polyurethan e foam and furnishe d with 2,5 m 2 selective Sunstri p 
absorbers . Low iron glass is used for  the covers . 

Th e two collector s ar e fed with wate r  from the sam e tank , to ensur e equa l inlet temperatures . 
Ro w rates , inlet and outle t temperature s for  both the collector s as well as the irradianc e and the 
air  temperatur e wer e measured , and from thi s the collector  efficiency is derived . A dat a logger 
was installe d to recor d at ever y hal f minut e and to stor e averag e dat a for  ever y ten minutes . It 
was importan t tha t the inlet wate r  temperature s as well as the flow rate s could be controlle d and 
kep t approximatel y constant . 

Fig. 1. Th e two test collectors , the left one equippe d with 30 mm Are l 
honeycom b and the right  one with a flat Teflon film. 

Measurement s of Hourl y Averag e Efficienc y 

Th e flow rate s wer e kep t constan t at abou t 50 liters/m 2h and the trackin g mechanis m was 
activated . At firs t a flat  Teflon film was mounte d in each collector . Th e distanc e betwee n the film 
and the glass cover  was abou t 30-35 mm . Th e measurement s wer e used for  calibratio n purposes . 

Then , in one collector , the Teflon film was replace d by a 30 mm Are l polycarbonat e honeycomb . 

Th e honeycom b was fastene d to the glass by string s of silicone, as visible in Fig. 1. 

Test Collector s 
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+ + + Co l lector with Arel he 

OOO Collector with » Teflor 

10 20 30 40 50 60 70 
T - d i H /I (in'C/kW) 

Fig. 2. Hourl y averag e efficiency as a functio n of ÄÔ / 1 

Th e efficiency curve s in Fig. 2 ar e based on hourl y averag e value s 3-10 Aug 1990 betwee n 9.00 
and 15.00, when the averag e irradianc e exceeded 300 W/m 2. Since the trackin g mechanis m was 
activate d the angl e of incidenc e was alway s close to normal . Th e diagra m shows that , becaus e of 
dynami c effects, the measuremen t point s ar e highl y scattered , but tha t the simultaneousl y 
recorde d point s for  the two collector s ar e strongl y correlated . 

In Fig. 3, which shows the differenc e in efficiency unde r  the sam e conditions , the dynami c 
effects ar e almos t eliminated . Th e measurement s indicat e tha t ç õ, at an incidenc e close to 
normal , ha s the sam e valu e for  both collectors , but tha t F'U L is abou t 1.1 W/m 2°C lower  for  the 
collector  with the 30 mm he. 

Fig. 3. Differenc e in hourl y averag e efficiency betwee n collector s 

with 30 mm Are l honeycom b and a flat Teflon film 
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Measurement s of Daily Efficienc y 

Measurement s of dail y efficiency wer e performe d with the trackin g mechanis m deactivated , with 
the collector s tilted 45° and facin g south . Th e inlet temperatur e was kep t at abou t 65-70°C, while 
the ambien t temperatur e was abou t 10-20°C. In Fig. 4 the dail y efficiency is shown as a functio n 
of the dail y irradiatio n for  both collectors . Th e differenc e in efficiency betwee n the two collector s 
was approximatel y 0.05, almos t independentl y of the dail y irradiatio n abov e 1.5 kWh/m 2. Th e 
regressio n lines ar e put int o the diagra m only to stres s thi s fact . Fro m Brunstro m et al.(1986) it 
can be seen tha t the annua l irradiatio n abov e 2 kWh/m 2da y in Alvkarleb y 1985 (a norma l year ) is 
summarize d to abou t 950 kWh/m 2. Thi s indicate s tha t the annua l improvemen t for  a collector 
workin g at abou t 70°C, by replacin g the Teflon film by a 30 mm he, is abou t 45-50 kWh/m 2. 

Fig. 4. Daily efficiency as a functio n of dail y irradiatio n 

LABORATOR Y MEASUREMENT S 

Measurement s of Upvalue s 

An unguarde d hot-bo x with a selective surfac e as the hot plat e was used for  comparativ e 
measurement s of UL-values . Th e hot-bo x can be describe d as a smal l and well insulate d solar 
collector  mode l with an electricall y heate d absorbe r  (A » 0.53 m 2). Th e Upvalue s wer e derive d 
from dividin g the electrica l inpu t power  at therma l equilibriu m by the temperatur e differenc e 
betwee n the absorbe r  and the roo m and by the absorbe r  area . 

In thi s experimen t a selective absorbe r  surfac e (å~0.23) was used . Comparin g the flat film with 
the 30 mm he, see Fig. 6, gives A U L ~ 0.6 at ÄÔ = 50-60°C, which shoul d be compare d with 
AU L «1 .1 tha t was derive d from the outdoo r  efficiency measurement s (if F « l is assumed) . 
However , Brunstro m et al. (1987), hav e shown tha t the Upvalue s obtaine d indoor s shoul d be 
recalculate d in orde r  to be valid outdoors , du e to a differenc e in oute r  heat resistanc e betwee n the 



47 0 

glazin g an d th e  surroundings .  Thi s  mean s  tha t  th e  difference s  i n  Upvalue s  ar e  expecte d t o  b e 
large r  outdoor s  tha n indoors .  Fro m measurement s  o f  th e  glas s  temperature ,  recalculation s  gav e 
A UL *  0.7-0. 8  W/m 2° C a t  Ä Ô «  50-60°C ,  dependin g o n th e  assumption s  fo r  th e  correspondin g 
resistanc e  outside . 

0.5- -0.5 

0.0-| . , . , . , --, . , . , . 1 . 1 r  ô · 1 · 1 • 1 • 1 • l-O.O 
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 

Temperature dif ference (C) 

Fig .  5 .  Upvalue s  measure d i n  a n unguarde d hot-bo x 

Measurement s  o f  Sola r  Transmittanc e 

An integratin g sphere ,  l m i n  diameter ,  wa s  use d fo r  measurement s  o f  sola r  transmittanc e  a t 
differen t  angle s  o f  incidence .  I t  ha s  th e  abilit y  t o  measur e  u p t o  abou t  60° ,  bu t  fo r  thic k an d 
scatterin g sample s  th e  value s  a t  hig h angle s  o f  incidenc e  ten d t o  b e  to o low ,  sinc e  som e 
transmitte d ligh t  i s  scattere d outsid e  th e  por t  o f  th e  sphere .  Anothe r  proble m i s  a n irregularit y  i n 
th e  spher e  wall ,  whic h cause d to o hig h value s  a t  an d aroun d 20° .  Thes e  point s  ar e  therefor e 

neglecte d i n  th e  transmittanc e  curve s  i n  Fig .  6 . 

The  measurement s  sho w tha t  th e  3 0 m m h e  ha s  a  transmissio n tha t  i s  1-2 % lowe r  tha n th e  fla t 
Teflo n fil m fo r  mos t  angle s  o f  incidence ,  exep t  a t  norma l  incidence ,  wher e  th e  honeycom b i s 
equall y  goo d o r  eve n better ,  whic h correspond s  wel l  wit h th e  outdoo r  measurement s  o f  ç 0. 

Annua l  Performanc e 

A simpl e  formul a  fo r  calculation s  o f  annua l  performanc e  o f  sola r  collector s  i n  Swede n ha s  bee n 
derive d b y Karlsso n (1988 )  an d modifie d b y Karlsso n an d Perer s  (1990) .  Fro m th e  laborator y 
measurement s  on e  ca n conclud e  tha t  th e  gai n i n  U L-valu e  i s  0.7-0. 8  W / m 2 oC an d tha t  th e  los s  i n 
transmittanc e  i s  0.01-0.02 .  Thi s  correspond s  t o  a n increas e  o f  th e  annua l  hea t  productio n b y 4 0 
kWh/m2. 
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Solar t r a n s m i t t a n ce (X) 

Fig .  6 .  Sola r  transmittanc e  a t  differen t  angle s  o f  incidenc e 

CONCLUSIONS 

Calculations ,  base d o n laborator y measurement s  o f  sola r  transmittanc e  an d Upvalues ,  indicat e 
tha t  i t  i s  possibl e  t o gai n 4 0 kW h /m 2 annuall y  fo r  Swedis h collectors ,  workin g a t  a n averag e 
temperatur e  o f  abou t  70°C ,  b y replacin g th e  flat  Teflo n film  wit h a  3 0 m m polycarbonat e 
honeycom b a s  secondar y glazing .  Thi s  conclusio n wa s  confirme d b y outdoo r  measurement s  o f 
dail y  efficiency ,  whic h indicate d a n eve n highe r  annua l  increas e  o f  45-5 0 kWh/m 2.  Th e  gai n  i s  a 
resul t  o f  a  stron g reductio n i n  th e  U L-valu e  o f  0.7-1. 1  W / m 2 oC,  combine d wit h onl y a  smal l 
decreas e  i n  th e  sola r  transmittanc e  o f  1-2% . 
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R E D U C I N G O U T - G A S S I N G I N SOLA R C O L L E C T O R S 
BY U S I N G AI R C O L U M N S 

Pete r  Kjaerbo e 

Dept . of Hea t in g an d Ven t i l a t ion , Roya l Ins t i tu t e of T e c h n o l o g y 
S-100 44 S tockholm , Swede n 

A B S T R A C T 

Som e method s for  reduc in g out-gass in g ar e discussed . Th e us e of ai r  co lumn s as 
insu la t io n on th e bac k of th e col lecto r  seem s t o hav e advan tage s f ro m othe r 
aspect s it g ives a col lecto r  wi t h a quic k therma l respons e t o va ry in g insula t ion . 

K E Y W O R D S 

Sola r  col lec tors , insu la t ion , ai r  columns . 

I N T R O D U C T I O N 

Sola r  col lec tor s or  th e mater ia l s in the m emi t vapour s whe n in use . Thi s of te n 
lead s t o condensa t ion . Thi s is depos i te d in place s wi t h re la t ive l y low 
temperature s ( low pressure) , suc h as glas s or  pipe s car ry in g th e hea t t ransfe r 
med ium . Som e of th e problem s tha t ca n be cause d her e are : 

ï  reduce d t ransmiss ion , see e.g. Hsie h (1977), Fig . 1 
ï  corrosion , see e.g. Wennerhol m et al . (1979) an d Rudn ic k et al . (1986). 

On e wa y of a v o i d i n g condensa t io n is to vent i la te . Th i s shoul d be don e in suc h 
a wa y tha t th e hea t insula t io n is no t compromised . Anothe r  wa y is to avoi d 
vapour i sa t io n by reduc in g th e work in g tempera ture s in insu la t io n tha t is sens i t iv e 
to re la t ive l y hig h temperatures . Example s of way s to preven t vapour i sa t io n are : 

ï  to select insula t io n materia l tha t ca n wi ths tan d th e tempera ture s in quest io n 
wi thou t vapour is ing , or  wi thou t absorbin g moistur e tha t is the n emit te d 
wi t h th e temperatur e increas e 

ï  t o min imis e th e work in g temperature . 

Bot h thes e solut ion s wil l be examine d here . 
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Transmission , Ô 

1-0 -in: 

0.5 
0 1.0 

Fractio n  covere d 

wit h  drops , a 

Fig . 1. Transmiss ion , perpendicu la r  rad ia t ion , for  wate r  drop s on glas s 
depen d on th e f rac t io n covered . Fro m Hsie h (1977). 

Th e manageab i l i t y dur in g manufac tu r e an d erec t io n is probabl y on e of th e 
reason s tha t p las t i c is use d for  th e insu la t ion . Bu t th e durab i l i t y use d t o be 
reduce d a t th e ex i s t in g tempera tures , see Fig . 2. I t wa s als o commo n tha t som e 
part s mel te d an d vapour i sed , an d condensa t io n occurred . 

Shea r coefficien t 

1000 0 

100 0 

100 

10 

polythen e 

^ ^ ^ ^ ^ o j y a m i d  e 
\ este r plasti c 

-10 0 100 20 0 

Temperature , 9,° C 

Fig . 2. Durab i l i t y of som e plas t i c mater ia l s a t var iou s temperatures . 
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Othe r  material s  suc h a s  minera l  woo l  an d glas s  woo l  ar e  onc e  agai n bein g used . 
However ,  som e  o f  th e  extr a  part s  wil l  vapourise/condense ,  s o a n air-tigh t  laye r 
ha s  bee n installe d betwee n th e  insulatio n an d absorber .  Thi s  prevent s  ga s  fro m 
passin g through .  Mor e  recently ,  us e  ha s  bee n mad e  o f  ai r  column s  tha t  ca n b e 
forme d o n eithe r  sid e  o f  th e  air-tigh t  layer ,  se e  Fig .  3 .  Thi s  i s  analogou s  t o 
th e  spac e  i n  double-glazing . 

Hea t transfe r valu e  U-value , W / ( m 2k ) 

Colum n wid th , h , m m 

Fig .  3 .  Hea t  transmissio n fo r  a n ai r  colum n o f  tw o surface s  wit h a 
lo w emissio n coefficien t  ca n b e  compare d wit h a  "normal "  woo l 
insulation . 

In add i t ion , th e radia t io n par t ca n be reduce d by cover in g th e laye r  wi t h a 
sur fac e hav in g a low emiss io n facto r  to provid e a n insula t ion . Thi s wil l resul t 
in th e temperatur e dro p bein g large , an d so s impler , cheape r  insu la t io n ca n be 
used . 



475 

The use of air columns also gives a collector with a thermally faster response 
to variations in radiation. With varying radiation, such as occurs with changing 
cloud cover, there is a higher mean temperature in the collector compared to a 
heavy collector. Table 1 shows that the thermal diffusivity is considerably 
lower for an insulation consisting of air columns than for one without. 

Table 1. Some physical data for insulation materials. 

Ma t e r i a 1 The rma1 
c o n d u c t i í  i t y 

D e n s i t y S p e c i f i c 
h e a t 

ë 
W/(mK) 

Ñ 
k g / m 3 W s / ( £ g K ) 

Wood 0 , 1 5 - 0 , 3 5 500 2 5 0 0 

M i n e r a l woo 1 0 , 0 5 100 800 

G l a s s w o o l 0 , 0 6 - 0 , 0 7 35 2 0 0 0 

C o r k 0 , 0 4 - 0 , 0 5 1 4 0 - 2 0 0 1700 

C e l l u l a r p l a s t i c 0 , 0 4 - 0 , 0 5 2 0 - 2 4 0 1700 

A i r c o l u m n 0 , 0 2 5 - 0 , 0 3 1 , 2 - 1 1000 

A l u m i ç i um 2 2 0 2 7 0 0 9 0 0 

Ma t e r i a 1 The rma1 
d i f f u s i v i t y 

T h i c k n e s s , a n d m a s s , m 
f o r C / - v a l u e of 0 , 5 W / ( m 2K ) 

ë 
W/(mK) 

d 
m 

m 
k g / m 2 

Wood 0 , 1 - 0 , 3 - 1 0 " 6 0 , 5 2 4 0 

M i n e r a l woo 1 0 , 6 - 0 , 3 · ÉÏ"" 6 0 , 1 20 

G l a s s woo 1 0 , 6 - 0 , 3 · 1 0 " 6 0 , 12 19 

C o r k 1 , 7 - 0 , 3 · 1 0 " 6 0 , 09 15 

C e l l u l a r p l a s t i c 1 , 2 - 0 , 3 · 1 0 " 6 0 , 09 2 , 6 

A i r c o l u m n 2 0 - 0 , 3 · 1 0 " 6 0 , 05 1 , 4 

A1umi ç i um 9 0 - 0 , 3 · 1 0 " 6 0 , 05 1 , 4 

The use of a steam or vapour-lift pump in the system, see e.g. Kjaerboe (1990) 
gives longer running times with an accompanying higher efficiency. 

CONCLUSION 

Air columns as insulation can be built onto the back of a solar collector. They 
will be formed with layers having low emission coefficients for thermal 
radiation. Such a system results in a collector that is: 

ï  lighter and thus easier to assemble, 
ï  thermally faster, which gives a higher efficiency when clouds occur, 
ï  less inclined to have condensation, as less moisture is absorbed. 
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Th e smal le r  s ize, easie r  mount ing , h ighe r  e f f e c t i v e n e s s an d longe r  l i f e g ive a 
mor e economi c unit . 
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C a r m i ,  Y .  40 1 
C a s a b l a n c a ,  G .  10 9 
C h i a n u m b a ,  A . J .  4 2 0 
C h i b u y e ,  T .  17 7 
C l a r k e ,  D .  3 1 
C o c h r a n ,  R .W .  43 1 
C o h e n ,  R . R .  7 8 ,  14 0 
C o t a n a ,  F .  3 0 8 
C r o o m e ,  D . J .  6 ,  12 5 
D a l e n b a c k ,  J .  0 .  2 0 5 , 2 5 4 ,  2 6 0 
d e  G e u s ,  A . C .  3 7 
d e  S c h i l l e r ,  S .  1 0 1 ,  10 9 
D o g g a r t ,  J .  15 1 
D u c k e r s ,  L . J .  2 4 3 
E f e n d i e v a ,  N . G .  2 1 6 
E l a g o z ,  A .  14 6 
E s b e n s e n ,  T .  16 9 
E v a n s ,  J .M .  1 0 1 ,  10 9 
F e l l i ,  M .  3 0 8 
F i s c h ,  N .  2 3 7 
F o r r e s t ,  R .  7 2 
F r a n z i t t a ,  G .  6 0 
F u r b o ,  S .  3 5 1 ,  35 7 
G h a s s e m i ,  B .  3 6 9 
G i l l e t t ,  W . B .  14 0 
H a h n e ,  E .  2 3 7 
H e l l s t r o m ,  B .  4 6 6 

H o l m e s ,  D .  4 8 
I n o g a m o v ,  B .  4 2 6 
I s a k s o n ,  P .  2 4 9 
J a c q u e s ,  J .K .  3 9 5 
J i l a r ,  T .  2 0 5 ,  21 1 
K a r l s s o n ,  B .  1 7 7 ,  4 5 0 ,  4 6 6 
K e n i s a r i n ,  M . M .  2 8 7 , 3 2 3 ,  3 3 0 
K j a e r b o e ,  P .  3 6 3 ,  47 1 
K n o l l ,  S .  6 6 
K o l o d z i e j ,  A .  22 1 
K o n i s ,  C . Y .  3 9 5 
K o r i n ,  E .  40 1 
K u b l e r ,  R .  2 3 7 
K u c u k d o g u ,  M .  14 6 
K u r o c h k i n ,  G . F .  4 4 5 
L i t v i n e n k o ,  Y .M .  2 7 2 
Li u Q i - x i a n 3 7 4 
Li u A n t i a n ,  11 5 
Li u Y i ,  11 5 
L o t t n e r ,  V .  4 6 0 
M a c G r e g o r ,  K .  2 4 
M a r i n o f f ,  A . M .  3 8 6 
M a z z a r e l l a ,  L .  2 3 7 
M c C u b b i n ,  I .  14 0 
M i n t a h ,  I.K .  17 2 
M o r c k ,  0 . C 1 ,  13 0 
M o r e l ,  N .  13 0 
M o z g o v o y ,  A . G .  4 4 0 
M u k h a m e d o v ,  R .  4 2 6 
M u s t a f a y e v ,  I . I .  3 9 2 
M u s t a f a y e v ,  R .M .  3 9 2 
M y e r ,  A .  3 1 
N i e l s e n ,  J . E .  2 8 3 
N o r d e l l ,  B .  21 1 
N o r d l a n d e r ,  S .  2 4 9 
N o w a k ,  S .  22 1 
O l s e n ,  L .  11 9 
O l s e t h ,  J .A .  19 3 
P a s i c h n y ,  V . V .  2 7 2 ,  3 3 6 
P e d e r s e n ,  P.V .  1 
P e r e r s ,  B .  1 9 9 ,  4 5 0 
P i n t e r ,  J .  10 6 
P o t o u r a e v a ,  L .V .  4 4 5 
P r a s a d ,  D .K .  8 5 
R a z a ,  K .  16 3 
R e y e s ,  J .  10 1 
R i z z o ,  G .  6 0 ,  3 1 8 
R o a f ,  S .C .  5 6 
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R o b e r t s o n ,  G .  4 3 
R o c k e n d o r f ,  G .  2 9 4 
R o n n e l i d ,  M .  2 4 9 
R u y s s e v e l t ,  P.A .  7 8 ,  14 0 
R z a e v ,  P .F .  2 1 6 , 3 9 2 
S a l u j a ,  G . S .  15 7 
S a y i g h ,  A . A . M .  9 0 ,  1 6 3 ,  4 0 6 
S h a f e e v ,  A . I .  2 8 7 
S h a k h b a z o v ,  S h . D .  2 1 6 
S h a l t o u t ,  M . A . M .  18 3 
S h e i n s t e i n ,  A . S .  4 5 6 
S h p i l r a i n ,  E . E .  4 5 6 
S i l v e s t r i n i ,  G .  1 3 0 ,  3 1 8 
S k a r t v e i t ,  A .  19 3 
S n o j ,  M . V .  10 1 
S t r i e k e r ,  R .  1 3 0 
Su n X i a o r e n 38 1 
S v e n s s o n ,  L .  4 6 6 
T a y e b ,  A . M .  2 7 7 

T k a c h e n k o v a ,  N . P .  2 8 7 ,  3 2 3 ,  3 3 0 
T r i p a n a g n o s t o p o u l o s ,  Y .  3 4 6 
T s i l i n g i r i s ,  P . T .  2 3 2 
T u n c ,  M .  13 4 
U y s a l ,  M .  34 1 
va n D i j k ,  H . A . L .  3 7 
va n A m e r o n g e n , G . A . H .  2 6 6 
V o r o b j e v ,  G.M .  4 4 5 
W a c k e l g a r d ,  E .  17 7 
W a l l e t u n ,  H .  19 9 
W e l t e k e ,  U .  6 6 
W e r e k o - B r o b b y ,  C . Y .  17 2 
W h i t f i e l d  G .R .  4 2 0 
Wu X i a n g s h e n g ,  11 5 
Y a n g X i a o - f e n g 3 7 4 
Y i a n o u l i s ,  P .  3 4 6 
Z a k a r ' y a e v ,  Z.R .  4 4 0 
Z a k h i d o v ,  R .  4 2 6 
Z u h a i r y ,  A . A .  9 0 
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