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Preface

Energy in the form of electricity, oil, and gas is used in buildings for oper-
ating systems such as air-conditioning, heating, ventilation, lighting,
and vertical transportation, which are essential for ensuring the safety
and comfort of the building’s occupants. These systems account for
70 to 80 percent of the total energy consumed in buildings. Energy costs
roughly account for about 30 to 40 percent of the total operating cost of
a typical building. Therefore, as energy prices soar, more building owners
and operators are turning to energy management to trim their overall
operating costs. Energy management includes improving the energy effi-
ciency of building systems and energy conservation, involving cutting
down on energy wastage, which, based on past experience, is able to save
as much as 30 percent of the annual energy cost of buildings.

Further, in most countries, electricity, which is one of the main forms
of energy used in buildings, is generated using fossil fuels such as oil,
gas, and coal. These fossil fuels are nonrenewable and also, during com-
bustion emit carbon dioxide, which contributes to global warming. Since
buildings typically account for more than one-third of the total national
energy consumption, government agencies in many countries are also
promoting energy management as a means to control energy resources
and environmental emissions.

This book on energy efficient building systems is written mainly for
two categories of readers. The first category includes professionals who
are involved in the operation and maintenance of buildings and are
interested in reducing energy costs. The other category of readers are
students who are specializing in this subject and professionals working
in energy service companies (ESCOs), who want to broaden their knowl-
edge about the subject.

The book is written based on the author’s personal experience; having
been involved in research and energy saving projects for over 15 years.
It contains ten self-contained chapters on the different aspects and sys-
tems relating to energy consumption in buildings. The book is intended
to serve as a “practical” guide for readers interested in energy savings

xiii
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and contain many actual case studies and examples from the author’s
past work. Further, the energy saving strategies and measures described
in the book have been implemented before and, therefore, are of a prac-
tical nature and can be applied by readers based on their individual
needs.

Chapter 1 provides an introduction to the subject of energy manage-
ment and energy audits and illustrates the use of energy audits to iden-
tify various energy saving opportunities in buildings. Thereafter,
Chapters 2 to 10 describe the different systems and aspects of energy
consumption in buildings. Each chapter includes a brief introduction to
the subject to help readers who may not be familiar with some of the
basic concepts associated with each topic. Most chapters also include a
few review questions for students who may use the book as an accom-
panying text in undergraduate and postgraduate studies. Worked solu-
tions have also been provided to assist them.

Chapter 2 on central air-conditioning systems provides a brief intro-
duction to refrigeration cycles and chiller operations, and includes a
number of energy management strategies, which cover, both, design
and operational aspects of chiller systems. Chapter 3 provides an
overview of boilers and how they operate, followed by potential energy
saving measures that can improve the efficiency of boilers through oper-
ational strategies and system design. Other opportunities for improv-
ing the efficiency of boiler systems, including optimization measures for
ancillary equipment are also described in detail. Chapter 4 on pumping
systems provides an overview of the pumping systems used in buildings
for air-conditioning and heating systems, followed by various energy
management strategies for chilled water, hot water, and condenser
water pumping systems. An overview of cooling towers and their appli-
cation in buildings, followed by a number of energy saving strategies to
ensure optimum efficiency of air-conditioning systems is described in
Chapter 5. Thereafter, various design and operational strategies for
reducing energy consumption by improving the energy efficiency of air
handling and air distribution systems are described in Chapter 6. Next,
various energy saving measures relating to building lighting systems,
such as optimizing lighting levels, improving lighting system efficiency,
lighting controls, and daylighting, are presented in Chapter 7. Utility
companies normally charge for electricity use based on energy con-
sumption, power demand, and power factor, and various strategies to
reduce these electricity charges are discussed in Chapter 8. Energy con-
sumed by building systems, such as air-conditioning, heating, and light-
ing systems, can be reduced by ensuring that their operations are
optimized by implementing various control strategies; and Chapter 9 illus-
trates how such strategies can be implemented using the various functions
and features of building automation systems. Finally, Chapter 10
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outlines strategies that can be used to reduce the overall energy con-
sumption of buildings by improving the design of building envelopes.

I would like to thank my present and past colleagues without whom
I would not have been able to successfully complete so many energy
audits and energy saving projects. Special thanks to Adrian Wang, who
over the years has been continuously reminding me that I should write
a book when I retire (I couldn’t wait that long!). I would also like to thank
Goh Chwee Guan (York International), Teh Eng Chuan (Philips), Kim
Jae Soo (EnE System), Steve Connor (Cleaver Brooks), Phil Stockford
(Spirax Sarco), Jasmine Williams (Calmac), Robert Rathke (ITT), and
Umang Sharma (Desiccant Rotors/Bry-Air) for their assistance in pro-
viding pictures and diagrams.

Finally, I would like to thank my wife Kshani and sons Michael and
Andrew for putting up with me over the last few years, when I spent
most of my free time preparing the book.
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Chapter

Energy Management
and Energy Auditing

1.1 Introduction

Due to economic and environmental reasons, organizations around the
world are constantly under pressure to reduce energy consumption. As
energy cost is one of the main cost drivers for businesses, reduction in
energy consumption leads to reduction in operating costs, and thereby
helps to improve the profitability of organizations.

One of the main environmental concerns relating to energy con-
sumption is the emission of carbon dioxide (CO,), which is a “greenhouse
gas” that contributes to global warming. Due to the release of CO,
during burning of fossil fuels, CO, emissions can be closely correlated
to energy use.

Another environment-related concern is the ever-increasing demand
for fossil fuels, such as oil and gas, to support economic development.
Since they are nonrenewable energy sources that take millions of years
to form, they draw on finite resources, which will eventually be depleted.

Reduction in energy consumption can be achieved through energy
efficiency and energy conservation programs. Such programs involve the
promotion of efficient or effective use of energy, which helps to save
energy and results in reduced environmental pollution and operating
costs.

The first chapter of the book provides an overview of how such energy
saving programs can be formulated through energy management and
energy auditing. Thereafter, the subsequent chapters of the book cover,
in detail, energy saving opportunities associated with different build-
ing systems and how to identify them, and the implemention of suitable
solutions.
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1.2 Energy Management

Energy management is a procedure for containing and reducing the
overall energy consumption and energy costs of an organization. Some
typical objectives of energy management, which depend on the needs of
each individual organization, include; lowering operating cost, increas-
ing profitability, reducing environmental pollution and improving work-
ing conditions.

For an energy management program to be successful, it needs the com-
mitment and support of the organization’s management and should be
in synergy with the organization’s objectives.

Energy management requires a systematic approach— from the for-
mation of a suitable team, to achieving and maintaining energy savings.
A typical process is outlined in Fig. 1.1.

The first step is to select a team with the right skills to lead and exe-
cute the energy management program. In many cases, the organization
may not have people with the necessary technical expertise to implement

Establish team

|

Set goals and objectives

|

Gather historic database

I

Perform energy audits

|

Report findings

|

Prioritize and implement

|

Measure and verify performance

l Figure1.1 Typical energy management
program.

Maintain measures
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all the aspects of an energy management program. In such situations,
a professional energy management company could be engaged to carry
out some of the tasks, but the organization should appoint a suitable
person or a team who will have the overall responsibility for the program.

The energy management team then needs to set the objectives and pri-
orities for the energy management program. Some aspects that should
be covered are targeted savings, available budgets, and time frame for
the project.

It is also recommended to create a historic database so that energy
savings achieved in the future can be evaluated by comparing with this
database. The historic database, depending on the type of facility, should
include data such as utility consumption, occupancy rates, operating
hours, occupied building floor areas, and production volumes.

Next, specific energy saving measures (ESMs) need to be identified.
This is the most important part of the energy management program, and
is achieved through energy audits. Energy audits can involve different
levels of detail, depending on the objectives of the study. As described later
(section 1.3), the American Society of Heating, Refrigerating and Air-
conditioning Engineers (ASHRAE) has categorized audits into three levels,
from 1 to 3, depending on the depth of the audit. For example, if the energy
management team is considering which buildings, out of a group of build-
ings, have the best potential for savings, then a Level I preliminary walk
through audit may be sufficient. On the other hand, if the energy man-
agement team requires an estimate of potential savings and cost for a par-
ticular facility for financial forecasting, a Level II energy survey and
analysis may be necessary. Similarly, if the objective is to identify and
implement specific savings measures, a Level III audit may be required.

Once the audit is completed, the reported findings should be used to
prioritize the implementation of the ESMs. Thereafter, the ESMs should
be implemented and the postinstallation performance data monitored
to ensure that projected savings are achieved. In the event that savings
fall short of the targeted values, remedial action needs to be taken.

Finally, once all the measures are implemented, they need to be main-
tained to ensure that the achieved savings can be sustained over the
expected life of the system. Where ever necessary, follow-up energy
audits should be performed periodically.

As can be seen, the most important part of an energy management pro-
gram is an energy audit to identify potential energy savings measures. The
next section of this chapter covers the different aspects of energy audits.

1.3 Energy Audits

Energy audits are carried out to understand the energy performance of
buildings and facilities so that areas with potential for energy savings
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can be identified. An energy audit consists of a study of how a building
or facility uses energy, how much it pays for the energy, and the identi-
fication and recommendation of improvement measures to reduce energy
consumption.

The scope of work undertaken in an energy audit depends on the
objectives of the study and resources available. As per the ASHRAE
application handbook, energy audits can be classified into three main
categories, based on the scope of work covered in the study. These three
categories are described next.

1.3.1 Level I—Walk-through assessment

This involves the assessment of a building’s energy cost and efficiency
through the analysis of energy bills and a brief survey of the building.
A Level I energy survey helps to identify and provide savings and cost
analysis of low-cost or no-cost measures. It also provides a listing of
potential capital improvements that merit further consideration, along
with an initial judgment of potential costs and savings. The level of
detail depends on the experience of the person performing the audit
and on the specifications of the client paying for the audit.

Walk through studies provide an initial assessment of savings poten-
tial for buildings and therefore help to optimize available resources by
being able to identify buildings with the best potential for savings and
where further effort and study should be devoted.

1.3.2 Level ll—Energy survey and analysis

Level II audits include a more detailed building survey and energy
analysis. A Level IT energy audit identifies and provides the savings and
cost analysis of all practical measures. It also provides a listing of poten-
tial capital intensive improvements that require more thorough data col-
lection and analysis, along with an initial judgment of potential costs
and savings.

Level II audits normally do not include data logging, but may involve
some “spot measurement” of parameters such as motor power, space
temperature and relative humidity, and airflow rates, where necessary.

Although Level II studies require more resources than Level I stud-
ies, they are able to identify and short list not only buildings for further
study (as in Level I surveys) but also areas or measures within a build-
ing that have a good potential for savings and where further study
should be carried out. Therefore, Level II studies are useful exercises
to be carried out before a detailed study so that the resources available
for the detailed study can be better utilized.
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Following are some of the main tasks carried out during a Level II
audit:

Collection of information on facility operations. Since the auditor should
have a good understanding of the facility, a site plan and a set of build-
ing plans, showing the layouts of the different areas of the facility, are
reviewed. Other information, such as building floor areas, operating
hours for the facility, and details of equipment used, with technical
specifications, also need to be collected.

Utility bill analysis. Past utility consumption data for at least a one year
period is collected and plotted (Fig. 1.2). The data should ideally be for
a calendar year so that seasonal fluctuations can be identified.

The data can then be used to estimate monthly and annual indices
for kWh/ft* and $/ft* which can be used to compare the energy efficiency
of the building with other buildings having the same characteristics.

Two commonly used indices are annual energy cost per square foot and
annual kWh use per square foot. Some typical data plots are shown in
Figs. 1.3 and 1.4.

Another electricity consumption related index is the load factor.

total monthly kWh consumption
maximum kW demand X 24 hours X no. of days in month

Load factor =

300,000

290,000 /\ /'/\
S NN
280,000 \/,.
270,000 / \ /
260,000 / \/
250,000 /

240,000

kWh consumption

230,000

220,000 .
S

Month

Figure 1.2 Typical electricity consumption chart.
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0 4

Building being studied Energy efficient facility

Figure 1.3 Annual energy cost per square foot.

22

kWh/ sq. ft.
n
o

Building being studied Energy efficient facility

Figure 1.4 Annual kWh consumption per square foot.
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Load factor is the relationship of the facility’s kWh consumption to its
monthly peak demand. Profiling these data by month can indicate how
and when a facility consumes electrical energy, if equipment is being
shut down at night, and how much of the building’s demand profile is
weather sensitive.

End user profile. Understanding where and when energy is being con-
sumed is an important first step to understanding where it can be saved.
The end use profile, which breaks down the total consumption into the
different end users, helps to define where money is being spent and to
focus efforts where the highest net financial gain can be obtained.

The actual end user breakdown will depend on the facility and the dif-
ferent systems it contains. For a typical commercial building, the con-
sumption can be grouped into the following:

Chillers

Boilers

® Pumps

Cooling towers
Air handling units (AHUs)
® Fan coil units (FCUs)

m Ventilation fans

® Lighting

m Miscellaneous

The consumption for each system can be estimated using the indi-
vidual kW consumption multiplied by the annual operating hours, as
illustrated in Example 1.1.

Example 1.1 Consider a chiller of capacity 500RT, which operates 55 hours a week
at an average loading of 70 percent. If the efficiency of the chiller at this loading
is 0.65 kW/RT, the energy consumption of the chiller can be estimated as follows:

kWh consumption = 500 RT X 0.65 kW/RT X 70% X 55 hours/week
X 52 weeks/year = 650,650 kWh/year.

Similarly, consumption for other equipment and systems such as
pumps, fans, and lighting can also be computed.

The estimated individual consumption values should add up to the
total metered consumption from utility bills. If the total of the estimated
values do not add up to the actual consumption figure, it indicates that
all the users have not been accounted for or some of the users may not
have been correctly estimated. In such a situation, further investigation
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Miscellaneous loads Chillers
26% 42%

Fan coil units &
ventilation fans
3%

Air har;cél:)zg units Lighting
10%

Figure 1.5 Typical end use consumption chart.

1s necessary to ensure that all users are accounted for. The end use con-
sumption can be plotted as a pie-chart, as shown in Fig. 1.5.

Comparison with benchmarks. The computed values of kWh consump-
tion, kW demand, and cooling load can be used to assess how efficient
the facility is by comparing with benchmarks from other buildings.

Some benchmarking parameters and what they indicate are given in
Table 1.1.

For industrial plants, the specific energy consumption, which relates
the energy consumed in kWh of electricity or liters of fuel to the prod-
uct output, can be computed. These specific energy consumption values
can then be compared with other plants manufacturing identical or
similar products.

Identify and shortlistareas. The above benchmarking exercise assists in
short-listing areas that have the potential for energy saving and, there-
fore, helps to optimize the use of resources.

TABLE 1.1 Some Typical Benchmarking Parameters for Buildings

Parameter Description What it means

W/tt? (lighting) Lighting wattage/floor Efficiency of lighting
area served systems

RT/ft? Cooling load/air-conditioned Effectiveness of the
floor area building envelope

kW/RT (chiller/s) Chiller kW/cooling load Efficiency of chiller/s

kW/RT (chiller system) (Total kW for chillers, Efficiency of entire
pumps & cooling towers)/ chiller system

cooling load
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For example, if the lighting efficiency for a building is found to be
2 W/ft* as compared to the benchmark of 1 W/ft* for buildings of simi-
lar nature, it indicates that the possibility of achieving significant energy
savings from lighting for that building is good.

An estimate of potential savings can then be made using the current
and proposed benchmark values (Example 1.2).

Example 1.2 Consider a building with a cooling load of 1000 RT. The chiller
system operates, on an average, 55 hours a week and the efficiency of the chiller
system is 0.9 kW/RT. If based on benchmarking data, the system efficiency can
be improved to 0.7 kW/RT,

Estimated savings = 1000 RT X (0.9 — 0.7) kW/RT X 55 hours/week
X 52 weeks/year = 572,000 kWh/year

Similarly, savings can be computed for other areas of the facility.
These estimated savings values and associated costs can then be used
to identify whether a particular building, or which system within a
building, has the potential for savings before proceeding to a Level III
audit.

1.3.3 Level lll—detailed energy audits

Level IIT audits focus on potential optimization and capital intensive
projects identified or short-listed during Level II audits and involve
more detailed field data gathering and engineering analysis. They also
provide detailed project cost and savings information with a high level
of confidence, sufficient for major capital investment decisions.
Therefore, Level III studies are also sometimes called investment grade
audits IGA).

Following are some of the main tasks carried out during a Level III
audit:

Introductory meeting. The first step in initiating a detailed audit is the
kick off meeting with the facility management team. The meeting nor-
mally involves key members of the facility management team, includ-
ing the facility manager and maintenance supervisors. Some of the
aspects usually covered at the kick off meeting are:

Introduction of audit team to the facility management team

Procedures for reporting and transmitting all correspondence and
documentation

Preliminary work schedule

Special work considerations (if any)

Safety issues



10 Chapter One

® Customer review and approval process
m Schedule for future progress meetings
® Access to information, drawings, utility data, metering data

m Site access

Audit interviews. The next step is to interview or meet the relevant
people to gather accurate information that are required for the audit.

The facility manager, or any other relevant official, needs to be inter-
viewed to collect information such as equipment specifications, draw-
ings, operational data, and utility data.

The maintenance supervisor also needs to be consulted to gather
information on equipment operation strategies, equipment perform-
ance, process problems, and other details such as types of lamps and bal-
last used.

Data collection and logging. Data collection and logging is the most
important part of the detailed study, where data on equipment and
operations is collected so that ESMs can be identified.

Depending on the facility, data collection can cover areas such as, air-
conditioning systems, lighting, ventilation systems, motors, water heaters,
boilers, compressed air systems, and other specialized equipment.

Commonly used instruments
Portable power meters help measure power consumption, current drawn,
and power factor. The meters should have a clamp-on feature to meas-
ure current and probes to gauge voltage so that measurements can be
recorded without any disruption to normal operations.

Portable light meters measure lighting levels. Normally, light meters
measure in footcandles or lux.

Tachometers are useful for measuring the speed of pumps and fans.
Optical type tachometers are preferable due to the ease of measure-
ment afforded by them.

Airflow measurements can be made using anemometers, which can
measure the velocity of air flowing in ducts and at openings. The two
types of anemometers available are “vane” and “hot-wire.” The meas-
ured air velocity and flow area can be used to compute the volume flow
rate of air, usually in cubic feet per minute (cfm) or cubic metres per hour
(cmh).

Airflow hoods are used to measure the volume of airflow through
supply and return diffusers. Airflow hoods contain an air velocity inte-
gration manifold that averages the air velocity across a fixed flow area
and gives the airflow volume.
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Flow meters are used for measuring the flow rate of chilled water, hot
water, or condenser water in pipes. Ideally, flow meters should be the
portable clamp-on type, which can be installed without disrupting the flow
in pipes. Portable flow meters are of the ultrasonic type, which use ultra-
sonic transmitter and receiver probes clamped onto the bare pipe surface
(insulation has to be removed for chilled water and hot water pipes).

Temperature sensors are required to measure chilled water, hot water,
condenser water, and air temperatures. The most commonly used sen-
sors are RTDs and thermistors. The accuracy of these sensors is impor-
tant for applications such as measuring the temperature difference
between chilled water return and supply, to compute the cooling load.
For such applications, specially calibrated sensors should be used. Such
temperature sensors need to be connected to a data logger so that tem-
perature data can be monitored and logged.

kW sensors, which have current transformers, potential transformers,
and kW transducers, can be used for measuring the power consumption
of major equipment like chillers. They normally come with clamp-on or
split core current transformers that can be fitted onto the current-
carrying conductors inside the electrical panel without the necessitat-
ing switching off of the power supply. Such devices usually give a
milliamp or voltage output which needs to be connected to a data logger.

Pressure gauges, manometers, and pressure transducers are used for
measuring the pressure in pipes and ducts. While pressure gauges are
used for taking instantaneous pressure readings, pressure transducers
are used where the profile of the pressure is required. Pressure trans-
ducers too need to be connected to a data logger.

Data loggers are used to monitor and log data such as temperatures,
flows, motor current and power, and pressures. Data loggers are nor-
mally portable and can accept different inputs from sensors.

Combustion analyzers are portable devices that are used to estimate
the combustion efficiency of boilers and other fossil fuel burning equip-
ment by sampling the exhaust gases.

Other standalone portable loggers such as amp loggers, run time log-
gers, temperature and relative humidity (RH) loggers, and lighting log-
gers are also used depending on the need.

Data collection. The parameters to be monitored vary from one facility
to another due to differences in designs and operations. Following are
some of the typical parameters that are measured in different systems:

m Chillers
® Chiller motor power
® Chilled water supply and return temperatures
®m Condenser water supply and return temperatures
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= Flow rates
® Cooling load profile
® Chiller efficiency (kW/RT)

m Cooling towers

® Fan power

® Fan speed

® Condenser water supply and return temperatures
® Qutside-air dry bulb/wet bulb temperatures

" Pumps
® Pump motor power
Operating hours
Pressure across pumps
Flow rate
Distribution system pressures

ir handling units and air distribution systems

Fan motor power

Fan speed

Operating hours

Static pressure across fan

Supply and return airflows

Off-coil temperature

Return air temperature and RH

Outside air temperature and RH

Chilled water supply and return temperatures

" E B EEEEENEEN

m Lighting
® Lighting operating hours
®m Power consumed by lighting circuits
® Lighting levels

® Steam and hot water systems

m Makeup water flow

® Makeup water temperature
Condensate return temperature
Feedwater temperature
Feedwater/steam flow

Flue gas composition and temperature
Steam pressure

Fuel usage

Boiler efficiency

Amount of condensate recovered
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Data analysis. Data collected are usually in raw form and need to be
refined to enable analysis. Some of the steps involved in data analysis
are listed here.

Computation of useful parameters. Various parameters that are not
directly measured need to be computed using the measured data. Some
examples include cooling load, which is computed using chilled water
flow and chilled water temperatures; chiller efficiency, which is com-
puted using the actual cooling load and compressor motor power.

Tabulation of data. Some data needs to be tabulated so that meaning-
ful calculations and analysis can be performed (see Table 1.2).

Plotting of data. As part of the data analysis, the measured data needs
to be plotted so that various operating trends and characteristics can be
identified. Some parameters are plotted against time to see how they
vary. For example, Fig. 1.6 (case study described later), shows how a
building’s cooling load demand varies with time. Similarly, some param-
eters need to be plotted against other parameters to see how they inter-
relate, as in Fig.1.7, which shows how the efficiency of a chiller varies
with loading.

Comparing performance with specifications. The performance of equipment
or systems also needs to be compared with design data so that short-
comings or possible improvements can be identified. Table 1.2 shows a typ-
ical comparison of measured data with design data for a group of chillers.

TABLE 1.2 Typical Comparison of Measured Data with Design Data for a Group
of Chillers

Parameter Design Chiller 1 Chiller 2 Chiller 3

Chilled water

supply temp (°C) 5.6 5.3-5.6 5.5-6 5.4-5.7
Chilled water

return temp (°C) 12.2 9-10 9-10 9-10
Chilled water

flow rate (GPM) 1500 1828-1875 1600-1,700 1550-1680
Condenser water

supply temp (°C) 32.2 24-26 24.6-26 24.7-26.5
Condenser water

return temp (°C) 37.5 28-31 29-31.5 28-30.5
Condenser water

flow rate (GPM) 2250 2000 1550-1600 2070-2126
Capacity (RT) 750 490-610 400-550 450-575
Power (kW) 504 330—400 300-400 300-375
Efficiency (kW/RT) 0.672 0.65-0.70 0.70-0.75 0.65-0.75
Evaporator AP (bar) 0.41 0.63 0.54 0.57
Condenser AP (bar) 0.55 0.57 0.34 0.61

CW approach Temp(°C) — 2.9 0.8 2.5
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Following are some examples where the actual performance needs to
be compared with design values:

Chiller capacity and efficiency

Boiler capacity and efficiency
Chilled water flow

Condenser water flow

Chilled water supply and return temperatures

® Condenser water supply and return temperatures

Cooling tower capacity and performance

Pump flow, head and motor power

AHU cooling capacity, supply and fresh airflow
® Motor power

m Ventilation rates

Identification of ESMs and concept design. Once the data is analyzed, the
ESMs can be identified. The ESMs identified vary from one facility to
another due to differences in equipment, system design, and operations.
Some of the common ESMs are listed below and explained in detail in
the subsequent chapters of the book.

m Chillers

® Providing design flow rates and temperatures

®m Reducing operating hours

® Sequencing chillers

m Resetting chilled water and condenser water temperatures
® Consolidating the chiller plant

® Using small chillers for night operations

m Replacing inefficient chillers

® Balancing water flow rates

® Installing automatic condenser tube cleaning systems

® Cooling towers
m Installing variable speed controls for cooling tower fans
m Replacing under performing cooling towers
®m Reducing operating hours
m Adding capacity if existing towers are undersized

® Pumps
® Reducing capacity of pumps (trimming impeller, reducing speed, or
replacing pumps)
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®m Converting constant speed pumps to variable speed pumps
= Optimizing pump operating strategies

® Removing unnecessary restrictions in piping systems

m Water flow balancing

® Air handling units and air distribution systems
®m Reducing fan speed/use of variable speed drives (VSDs)
® Converting constant air volume (CAV) systems to variable air
volume (VAV) systems
® Improving controls and control strategies
® Reducing operating hours
® Ensuring ventilation control based on occupancy
® Cleaning/replacement of coils and filters
® Air balancing for distribution systems

® Lighting
m Replacing inefficient lamps with high-efficiency lamps
m Using high-efficiency ballasts
® Reducing lighting levels
® [nstalling timer controls
® Installing occupancy sensors
m Using day lighting

®m Steam and hot water systems
® Improving boiler operating efficiency
m Heat recovery from flue gas
m Heat recovery from blow down
= Condensate recovery
m Reduction of boiler pressure
®m Reduction of boiler operating hours

®m Compressed air systems (not covered in this book)
® Eliminating leaks
® Reducing operating pressure
® Increasing downstream storage capacity
® Reducing inlet air temperature
®m Recovering heat from compressors
® Improving compressor controls
® Installing variable speed compressors

Cost and savings analysis. Once the ESMs are designed, the cost for imple-
menting each measure and the achievable savings are estimated.

Cost estimation is usually done by listing the scope of work necessary
for each ESM and using unit rates for the different tasks (if available),
or by obtaining quotations from suitable contractors.
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Once the cost and savings for each measure is computed, the finan-
cial viability for each can be considered based on agreed financial cri-
teria. The most common financial criteria used for evaluating energy
management projects are, simple payback period, life-cycle cost, and
internal rate of return (IRR).

Baseline data for savings verification. Usually, during the audit, a base-
line for system performance is also established so that postinstallation
system performance can be compared with these preinstallation data to
estimate the achieved savings. Such data are very important if the proj-
ect is undertaken as a “performance contract,” since the Energy Services
Company (ESCO) will be paid based on savings achieved. Even if it is
not a performance-based project, it is still a good practice to have base-
line data so that postinstallation savings can be quantified and com-
pared with projected savings.

1.4 Case Study

The following case study is used to illustrate typical findings and rec-
ommendations for an energy audit covering the central chilled water
system of a building. As such, it should be noted that the audit covers
only one system within the facility and that the identified energy saving
measures may not be applicable to other buildings (typical energy saving
measures applicable to different systems within buildings are explained
in detail in the subsequent chapters of the book).

1.4.1 Description of the system

The central chilled water plant consists of six sets of chillers of 450 RT
capacity, each with associated cooling towers, condenser water pumps,
and primary and secondary chilled water pumps.

The central chilled water plant operates 24 hours a day and provides
chilled water to an office tower, a residential apartment building, and
a retail podium block. Chilled water is supplied to the office tower build-
ing and residential apartments 24 hours a day, while the retail areas
are supplied daily with chilled water only from 9 a.m. to 10 p.m.

The number of chillers in operation is controlled based on the build-
ing’s cooling load, and the building automation system (BAS) automat-
ically cuts in and cuts out chillers, with their associated pumps and
cooling towers, depending on the load.

1.4.2 Main findings and recommendations

Provide additional small chiller. As can be seen from Fig. 1.6, the actual
daytime cooling load (between 9 a.m. and 6 p.m.) varies from 1300 to
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Figure 1.6 Building cooling load profile.

1350 RT on weekdays and on Saturday mornings. The cooling load on

Saturdays, after about 1 p.m.) and on Sundays varies between 600 and
700 RT. The daily night load is between 200 and 250 RT.

The efficiency of chillers depends on how much they are loaded and
Fig. 1.7 shows the loading versus efficiency for one of the chillers. Based
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on the measured data, the actual operating efficiency of the chillers is
between 0.62 and 1.2 kW/RT. The system efficiency (Fig. 1.8) for the
chiller system, which includes the efficiency of the chillers as well as that
of the chilled water pumps, condenser water pumps, and cooling towers,
1s 1.1 kW/RT during daytime. The system efficiency reduces to between
1.4 and 2.4 kW/RT during nighttime operation.

The prime reason for the drop in system efficiency at night is due to
the need for running a 450-RT capacity chiller to meet the night load of
200 to 250 RT. During this time, the operating chiller is loaded only to
44 to 55 percent of its capacity. This results in a drop in chiller efficiency
from 0.65 kW/RT to about 0.9 kW/RT.

Therefore, it was proposed to install an additional small chiller to act
as the “night chiller.” The proposed chiller capacity was 250 RT to meet
the night load of 200 to 250 RT. This would help improve chiller efficiency
in the night from 0.9 kW/RT to about 0.6 kW/RT.

Reduce capacity of primary chilled water pumps and condenser water pumps.
The primary chilled water pumps and condenser water pumps are fixed
speed pumps and one set each is operated with one chiller.

The pumps have constant flow valves installed to control the flow of
water to each chiller. As the capacity of the pumps is much higher than

25
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Figure 1.8 Chiller system efficiency.
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required for the application, these constant flow valves reduce the water
flow by inducing extra pressure drop in the system. Further, the con-
denser water flow through some chillers was about 20 percent more
than required.

Therefore, it was recommended to remove the constant flow valves
that induce high-pressure losses in the system, and to reduce the capac-
ity of the pumps by trimming the impellers to suit the actual system
requirements.

Secondary chilled water pumps. The secondary chilled water pumps
(constant speed pumps) are arranged in three groups—the office tower,
residential apartments, and the retail area. Each group of pumps has
three pumps installed in parallel and a maximum of two pumps are
operated to meet the peak load, while the remaining pump acts as a
standby. There are also throttling valves installed at the discharge of
each pump to reduce the water flow by inducing extra pressure drop
in the system.

The chilled water system is designed to operate at a temperature
difference (AT) of 5.6°C between chilled water return and supply. In
Fig. 1.9, the actual chilled water AT during daytime for the office tower
1s 5°C to 6°C but drops to about 2°C to 3°C during nighttime and during
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Figure 1.9 Chilled water AT (difference between return and supply temperatures).
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daytime on Sundays. The chilled water AT for the retail area varies from
4°C to 5°C, while that for the residential apartments varies from 3°C to
4°C during daytime and 2°C to 3°C at night. This indicates that there
is significant overpumping of chilled water to the residential apart-
ments at all times and to the office tower at night.

Therefore, it was proposed to convert the existing constant speed
secondary pumping systems to variable speed pumping systems. Each
group of three pumps serving a particular area of the facility would have
a differential pressure sensor, which can be used to maintain a set
pressure in that chilled water system by varying the speed of the
pumps.

Operation of chillers. The temperature of chilled water returning from
the residential apartments is lower than that returning from the office
tower and retail areas. The chilled water return pipe from the residen-
tial apartments is connected to the main chilled water return header in
the chiller plant room, which is closer to chillers 1 and 2, while the
return pipe from the office tower is connected near chillers 5 and 6.
Therefore, during normal operation, the temperature of return chilled
water to chillers 5 and 6 is higher than that to the other chillers. Since
the chilled water flow rate and the chilled water supply temperature are
fixed for each chiller and the loading of each chiller depends on the
return chilled water temperature (higher return temperature leads to
higher loading of chillers), chillers 5 and 6 are loaded more than the
other chillers. Therefore, during daytime, when four chillers are in oper-
ation, chillers 1 to 4 cannot be fully loaded. This leads to situations
where four chillers (450 RT X 4 = 1800 RT) need to be operated to meet
a cooling load of less than 1350 RT, when only three chillers (450 RT X
3 = 1350 RT) are necessary (Fig.1.10).

Therefore, when the operations of the secondary chilled water pumps
are optimized by converting from constant flow to variable flow sys-
tems, it will not only result in pumping energy savings, as described ear-
lier, but will also lead to better chiller loading (higher chilled water
return temperature) and further energy savings from improved chiller
efficiency. In addition, the small chiller proposed for nighttime opera-
tion can also be used during the daytime to act as a swing chiller to sup-
plement the big chillers and better match operating chiller capacity to
the cooling load.

As illustrated in this case study, the data collection and analysis
carried out as part of an energy audit can help identify shortcomings in
various energy consuming systems so that suitable solutions can be
recommended to overcome them.
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Figure 1.10 Cooling load and number of chillers in operation.

1.5 Summary

The chapter provided an overview of energy management and energy
audit programs and highlighted how they are useful for any building,
organization, or industry to reduce energy consumption. The key tasks
of energy audits, which provide a systematic approach for identifying
energy saving opportunities, were described in detail. Typical findings
and recommendations of energy audits were also illustrated using a
simple case study.

The subsequent chapters of this book describe, in detail, the different
energy consuming systems in buildings and how suitable energy saving
measures or solutions can be applied to reduce the overall energy con-
sumption of buildings.



Chapter

Air-Conditioning and Central
Chiller Systems

2.1 Introduction

Air-conditioning systems used in commercial and institutional buildings
can account for more than 50 percent of the total electricity consumed.
However, they are essential for buildings in hot and humid climates,
where air-conditioning is used to provide a comfortable internal envi-
ronment for the occupants so that they can work and perform productively.
Therefore, it is important to understand how air-conditioning systems
work so that they can be made to operate as efficiently as possible.

2.1.1 Refrigeration

Air-conditioning is normally used to remove heat from an occupied space
and maintain it at a temperature lower than the outdoor temperature.
This requires the use of a refrigeration system that can help maintain
a body at a comfortable temperature.

As shown in Fig. 2.1, a refrigeration machine “R” absorbs heat from the
cold body at temperature T, and releases the heat @, into the surround-
ings at temperature 7. This process requires work “W” to be done on the
system. The heat released into the surroundings equals the heat absorbed
from the cold body plus the work done or mechanical energy consumed.

Refrigerants are used in refrigeration machines to perform this func-
tion. Refrigerants evaporate at low temperatures and condense at higher
temperatures. Therefore, refrigerants can be evaporated at low tem-
peratures, during which heat is absorbed, and then condensed at a
higher temperature and pressure, when the absorbed heat (plus that due
to the work done) is released into the atmosphere.

23
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Surrounding temperature Tg

Qo Qg=Qy+W
Cold body T,

Figure 2.1 Operating principle of a refrigeration
machine.

2.1.2 Vapor compression cycle

The vapor compression cycle is the most commonly used refrigeration
cycle. It has four mechanical components through which the refrigerant
is circulated in a closed loop, as shown in Fig. 2.2.

The refrigerant enters the compressor as low-pressure vapor and is
compressed to high-pressure vapor. The high-pressure vapor then flows
to the condenser, which is a heat-exchanger, where heat is released
from the refrigerant and the refrigerant condenses from high-pressure
vapor to high-pressure liquid. Next, the high-pressure liquid refriger-
ant flows through the expansion valve to the evaporator and becomes
low-pressure liquid refrigerant. In the evaporator, the liquid refrigerant
evaporates at low temperature by absorbing heat from the surroundings.
This is the cooling effect of the refrigeration system. The refrigerant then
becomes low-pressure vapor and enters the compressor, and the cycle
1s repeated.

The vapor compression cycle can be represented on a pressure—
enthalpy (p-h) diagram, as shown in Fig. 2.3, for an ideal case without
losses.

2.1.3 Absorption cycle

Another refrigeration cycle is the absorption cycle. This cycle is heat
driven unlike the vapor compression cycle, which is work driven. The

Compressor
") Expansion valve

X

Figure 2.2 Vapor compression cycle.
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Figure 2.3 Pressure—enthalpy diagram for an ideal vapor
compression cycle.

cycle involves a mixture of two substances, such as ammonia and water
or lithium bromide and water, that attract each other.

Figure 2.4 shows the components of an absorption cycle. In this cycle,
the solution of a salt, such as lithium bromide and water, enters the gen-
erator where heat is applied. The heat breaks the bonds of the mixture
and evaporates some of the water. The water vapor goes to the con-
denser, where it is condensed from vapor to high-pressure liquid. This
water, which acts as the refrigerant, passes through a metering valve and
enters the evaporator as low-pressure liquid. The water then evaporates
in the evaporator by absorbing heat, providing the cooling effect of the
cycle. The low-pressure vapor then enters the absorber where the strong
salt solution returning from the generator absorbs it and it is then
pumped back as a weak solution into the generator to complete the cycle.

The main difference between the absorption cycle and the vapor
compression cycle is that the former uses a heat source to power the
generator as compared to doing “work” in the compressor of the vapor
compression cycle. The absorption cycle is also less efficient than the
vapor compression cycle. However, it is useful for applications where
waste heat or cheap sources of heat are available.

A 4

Condenser

Generator

Metering

Throttle
@ device

valve

Figure 2.4 Components of the absorption cycle.
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2.1.4 Refrigeration capacity

The capacity of air-conditioning machines is usually classified by how
many “tons” of refrigeration (RT) effect they can produce.

1 RT of refrigeration is based on the amount of cooling 1 ton (2000 lb)
of ice can produce by melting over a 24-hour period. 1 RT of refrigera-
tion has the ability to remove 288,000 Btu in a 24-hour period.

1 RT = 2000 Ib X 144 Btu/lb = 288,000 Btus
Therefore, 1 RT = 12,000 Btu/h
Also, 1 RT = 3.517 kW.

2.1.5 Central air-conditioning systems

Buildings use different air-conditioning systems such as central systems,
stand-alone package units, variable refrigerant volume (VRV) systems,
and water-cooled package units. Out of these systems, the most com-
monly used system in large buildings is the central type. Therefore,
this chapter will only cover central air-conditioning systems. In sys-
tems other than central ones, energy management strategies that can
be adopted are usually specific to each installation and cannot be easily
discussed in general.

In central air-conditioning systems, such as those found in commer-
cial buildings, the evaporator of a chiller cools water. This chilled water
1s then pumped to air handling units (AHUs) and fan coil units (FCUs)
located in different areas of the building. The AHUs and FCUs have fans
that blow air through heat exchanger coils to transfer heat from the air
to the chilled water, thereby cooling the air. The chilled water, after
picking up heat from the coils, is then pumped back to the evaporator
of the chiller to cool down and complete the cycle. Such systems are
called chilled water systems. A typical arrangement of a central chilled
water system is shown in Fig. 2.5.

Cooling coils
=
Cooling
towers Chillers Fans
Condenser water Chilled water pumps

pumps

Figure 2.5 Typical arrangement of a central chilled water system.
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Chillers used in central chilled water systems normally work on the
vapor compression cycle or the absorption cycle. Since electric chillers
working on the vapor compression cycle are the most common, and sig-
nificant energy savings can be achieved from these machines through
various energy management strategies, the rest of this chapter is mainly
devoted to such chillers.

A chiller working on the vapor compression cycle contains four
main components—the compressor, evaporator, condenser, and
expansion device. The heat absorbed in the evaporator and the heat
added during compression is rejected in the condenser. In air-cooled
chillers, heat from the condenser is released directly into the ambi-
ent air, while in water-cooled systems, heat is released into the con-
denser water, which is then circulated to cooling towers where the
heat is finally released.

2.2 Chillers

2.2.1 Introduction

Chillers are the biggest energy consumers in central air-conditioning
systems. In commercial buildings where air-conditioning systems
account for more than half the total electricity consumption, chillers end
up being the single biggest consumers. Therefore, their efficiency has a
significant effect on the overall energy performance of these buildings.

Chillers are classified according to the type of compressor used for
compressing the refrigerant. The main types of compressors used are
reciprocating, scroll, screw, and centrifugal.

Reciprocating compressors use pistons and connecting rods driven by
a crankshaft, as shown in Fig. 2.6. The crankshaft is driven by a motor.
In open type drives, the drive motor is mounted externally and the
crankshaft extends through a seal out of the crankcase. In hermetic sys-
tems, the motor and the compressor are contained in the same hous-
ing and the crankshaft and motor are in direct contact with the
refrigerant. Normally, reciprocating compressors have a number of
cylinders in one unit. For high-capacity applications, multiple com-
pressors are used.

Scroll compressors use two interfitting, spiral-shaped scroll members
(Fig. 2.7). One scroll rotates while the other remains stationary. Due to
the profile of the scrolls, refrigerant drawn in through the inlet port is
compressed between the scrolls during rotation and then released at the
discharge port. Scroll compressors are used for low-capacity applications
of up to about 50 kW.

Screw compressors are used for medium-capacity applications up to
about 1055 kW (300 RT). They consist of a set of male and female helically
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Figure2.6 Cutaway of a reciprocating compressor. (Courtesy of York International.)

grooved rotors, as shown in Fig. 2.8. Compression is achieved by direct
volume reduction due to rotation of the rotors. Refrigerant is taken in
at the inlet port, compressed during rotation of the rotors, and finally
released at the discharge port.

Centrifugal compressors consist of a single impeller (Fig. 2.9) or a
number of impellers mounted on a shaft and rotating at high speed
inside a housing. Refrigerant enters the impeller in the axial direction
and is discharged radially at high velocity. The velocity pressure is then
converted to static pressure in the diffuser. Centrifugal compressors are
used for high-capacity applications, usually above 1055 kW (300 RT).

2.2.2 Chiller efficiency rating

Chiller efficiency is measured in terms of how many units of power is
used to produce one unit of cooling.

Power input

Chiller efficiency = Cooling produced
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Figure 2.7 Cutaway of a scroll
compressor. (Courtesy of York
International.)

Figure 2.8 Cutaway of a screw compressor. (Courtesy of York
International.)
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Figure 2.9 Typical centrifugal compressor. (Courtesy of York International.)

In the English IP system, chiller efficiency is measured in kW/RT

kW input

here kW/RT =
where kW/RT Tons of refrigeration

In the SI metric system, chiller efficiency is measured in coefficient
of performance (COP)

kW refrigeration effect
kW input

where COP =

kW refrigeration effect = RT X 3.517

The energy efficiency ratio (EER), which is the ratio of the cooling
capacity (Btu/h) to the electric power input (W), is sometimes used to
rate reciprocating and scroll compressors in air-cooled chillers and
direct-expansion refrigeration units.

Since chiller efficiency varies with loading, it is usually rated at
full-load (100 percent of rated capacity) and part-load conditions (90,
80, 70 percent, and so on.). This information, normally provided by
chiller manufacturers, is useful in selecting chillers for different
applications.
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Consider chiller A, which has an efficiency of 0.55 kW/RT at full load
and 0.65 KkW/RT at 70 percent load, and another chiller B, which has a
full-load efficiency of 0.57 kW/RT and 0.61 kW/RT at 70 percent load.
If based on the expected load profile of the building, the chiller is going
to operate only for a short period of time at 100 percent load and most
of the time at 70 percent load, then chiller B would be a better option
due to its superior performance at the operating point that will be most
frequently encountered. As will be explained later, to ensure optimum
efficiency, the cooling load profile should be used to select the best chiller
for the job based on chiller part-load data.

If the actual cooling load profile is not known, and the chiller is
expected to operate under normally encountered conditions, the IPLV
rating can be used to evaluate the chiller’s performance. The IPLV
rating calculates the chiller efficiency based on weightage given to effi-
ciency at different points, which, in turn, is based on commonly encoun-
tered operating conditions.

- - 02 - ()

where A = kW/RT at 100 percent load
B = kW/RT at 75 percent load
C = kW/RT at 50 percent load
D = kW/RT at 25 percent load

IPLV =

2.2.3 Economizers

Some chillers use economizers that enable flash refrigerant gas to be
introduced at intermediate pressure, between the evaporator and con-
denser pressures, into multistage compressors to improve efficiency.

Figures 2.10 and 2.11 show the arrangement of a two-stage economizer
and the related pressure—enthalpy (p-h) diagram, respectively.

In this cycle, when refrigerant leaving the condenser passes through
an orifice, some refrigerant is preflashed. The preflashing of some liquid
refrigerant cools the remaining liquid. The refrigerant vapor is removed
to ensure that the refrigerant at the economizer is in the liquid state (not
saturated liquid and gas). As a result, the condition of refrigerant enter-
ing the evaporator has a lower enthalpy (moves further left on the p-h
diagram) and increases the evaporator’s refrigeration effect.

In chillers using 3-stage compressors, the flashing of refrigerant can
be done at two different stages, and introduced between the first and
second stages and second and third stages to further improve the effi-
ciency of the chiller.
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Evaporator Condenser
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Figure 2.10 Arrangement of economizer.

2.2.4 Condenser subcooling

Chillers that do not have multistage compressors use liquid subcooling
to improve the refrigerant’s effect and, therefore, the chiller efficiency.
In such a system, the refrigerant liquid leaving the condenser is further
cooled (subcooled). This enables the refrigerant to enter the evaporator
at a lower enthalpy, as shown in Fig. 2.12, to help increase the refrig-

erant’s effect.

Condenser Compressor

/ /é Second stage

/ <— First stage

Pressure

| Evaporator

Without economizer
With economizer

v

Enthalpy

Figure 2.11 Pressure—enthalpy diagram for cycle with
economizer.
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In the following sections of the chapter, various energy-saving meas-
ures for chiller systems are described.

2.3 Energy-Saving Measures for Chiller Systems

2.3.1 Water-cooled versus air-cooled chillers

The heat removed by the refrigeration cycle of an air-conditioning system
is released in the condenser to either water or ambient air during con-
densing. Chillers are classified according to whether the condenser is
water-cooled or air-cooled.

In air-cooled chillers, a single fan or a number of fans are used to blow
ambient air through the condenser, which is normally a finned heat
exchanger. Water-cooled chillers, on the other hand, have shell and tube
heat exchangers, where the heat is released into the condenser water. This
warm condenser water is then pumped to cooling towers where the heat
is released into the environment. Heat transfer at the cooling towers
takes place mainly by latent cooling, wherein some of the warm con-
denser water evaporates, absorbing the latent heat of evaporation from
the condenser water, thereby cooling it (the operation of cooling towers is
explained in Chapter 5). The condenser water, after releasing heat in the
cooling towers, is pumped back through the condenser of the chiller to con-
tinue the heat removal cycle. However, since some of the water evaporates
in the cooling towers during this cycle, “makeup water” needs to be con-
stantly added to maintain the flow of condenser water through the system.

Water-cooled chillers operate at a lower condensing pressure than air-
cooled chillers. The lower condensing pressure is due to releasing heat
into the condenser water, which is first cooled to a temperature a few
degrees above the wet-bulb temperature of the ambient air (by the cool-
ing towers). In air-cooled chillers, heat is directly released to the ambi-
ent air and the heat transfer is dependent on the dry-bulb temperature
of the air. Further, the heat transfer in the water-cooled shell and tube
heat exchangers is better than in finned type air-cooled condensers.
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The lower condensing pressure leads to a lower pressure differential
between the evaporator and condenser, which results in lower power
consumption by the compressor. Therefore, water-cooled chillers are far
more efficient than air-cooled chillers.

Although air-cooled chillers are less efficient, they have many appli-
cations since they do not need a constant supply of makeup water (for
condenser water). They also do not need cooling towers and can be mounted
outdoors, such as on the roof of a building. Therefore, air-cooled chillers
are used where a constant source of water is not available or where
water 1s scarce. Air-cooled chillers are also used where space is limited,
such as when building space for installing water-cooled chillers or out-
door space for installing cooling towers is unavailable.

The capital cost for water-cooled systems is normally higher than for
air-cooled systems since the former needs an enclosed plant room, cool-
ing towers, condenser water pumps, and extra piping for the condenser
water system. The cost of piping for the condenser water system can be
substantial in cases where the plant room is located in the basement and
the cooling towers are located on the roof of the building.

Although the first cost of water-cooled systems is higher (than air-
cooled systems), due to their superior energy efficiency, the extra initial
cost can be paid back in just a few years. Even in situations where air-
cooled chillers are currently in use, usually conversion to a water-cooled
system, if practically possible, will yield a good return on investment.

However, when evaluating the benefits of water-cooled systems, the
additional costs associated with water-cooled systems for makeup water
and water treatment have to be considered as illustrated in Example 2.1.

Example 2.1 Consider a building that operates from 8 a.m. to 10 p.m. The current
hourly kWh consumption can be computed, as shown in Table 2.1, by multiplying
the hourly building cooling load by the present chiller efficiency (air-cooled). If
these data are not available, a kWh consumption meter can be used to compute the
electricity consumption of the chiller. Next, using manufacturers’ efficiency data,
the kWh consumption for the proposed water-cooled chiller can be estimated.

The difference between present (3915 kWh) and proposed (1803 kWh) total
daily kWh consumption gives the daily savings (2112 kWh).

Additional savings will also result from reduction in peak power demand if the
peaks for power usage and cooling load coincide.

Peak demand savings
= Peak cooling load (RT)
X difference in air-cooled and water-cooled chiller efficiencies (kW/RT)
=300 X (1.2-0.57)
= 189 kW

Some of the above savings are offset by the extra electricity consumed by the
condenser water pumps and cooling towers of the water-cooled system and can be
computed based on their rated motor power for the application. Alternatively, the
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TABLE 2.1 Estimation of Energy Savings for Conversion from an Air-Cooled Chiller
to a Water-Cooled Chiller

Present Present Proposed  Proposed
Number  Cooling chiller kWh chiller kWh

Hours of load efficiency  consump-  efficiency consump-
of hours (RT) (kW/RT) tion (kW/RT) tion

operation A B C AXBXC D AXBXD
0800—-0900 1 200 1.3 260 0.6 120
0900-1000 1 200 1.3 260 0.6 120
1000-1100 1 225 1.3 293 0.59 133
1100-1200 1 225 1.3 293 0.59 133
1200-1300 1 250 1.25 313 0.58 145
1300-1400 1 300 1.2 360 0.57 171
1400-1500 1 250 1.25 313 0.58 145
1500-1600 1 250 1.25 313 0.58 145
1600-1700 1 250 1.25 313 0.58 145
1700-1800 1 200 1.3 260 0.6 120
1800-1900 1 200 1.3 260 0.6 120
1900-2000 1 200 1.3 260 0.6 120
2000-2100 1 150 1.4 210 0.62 93
2100-2200 1 150 1.4 210 0.62 93
3915 1803

value can be estimated by using a “rule of thumb” value of 0.15 kW/RT for the con-
denser water pumps and cooling towers.

Similarly, the makeup water consumption can be estimated assuming the com-
bined losses due to evaporation, drift, and blow down to be 1.5 percent of the total
condenser water flow. In typical systems, which are designed for a temperature
difference of 5.6°C (10°F), between condenser water leaving and entering the
chiller, the condenser water flow is 0.19 L/s per RT (3 USgpm per RT). In such a
system, the makeup water consumption will be 2.8 X 10 L/s per RT (0.19 X 1.5%)
or 1.02 X 102 m*/hr per RT.

The extra cost for makeup water and electricity consumption for the condenser
water pumps and cooling towers can be computed for the same building’s cooling
load profile as shown in Table 2.2.

Therefore, the net kWh savings = (2112 — 458) = 1654 kWh/day.

Makeup water consumption = 31.11 m*day.

If the utility tariffs are:

Electricity usage = $0.10/kWh
Peak demand = $10/kW per month
Water usage = $1/m®
The net annual savings (based on operating 365 days a year)
= [(1654 kWh/day X electricity tariff) — (31.11 m*day
X water tariff)] X days/year + [189 kW
X monthly demand charges X 12 months/year]
= [(1,654 X 0.1) — (31.11 X 1)] X 365 + [189 X 10 X 12]
= $71,700
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TABLE 2.2 Extra Water Consumption for Water-Cooled Chillers

Consumption for Makeup

Hours Number Cooling pumps & cooling water

of of hours load (RT) towers (kWh) consumption (m?)

operation A B AXBx0.15kW/RT B X (1.02 X 10 %
0800-0900 1 200 30 2.04
0900-1000 1 200 30 2.04
1000-1100 1 225 34 2.30
1100-1200 1 225 34 2.30
1200-1300 1 250 38 2.55
1300-1400 1 300 45 3.06
1400-1500 1 250 38 2.55
1500-1600 1 250 38 2.55
1600-1700 1 250 38 2.55
1700-1800 1 200 30 2.04
1800-1900 1 200 30 2.04
1900-2000 1 200 30 2.04
2000-2100 1 150 23 1.53
2100-2200 1 150 23 1.53
458 31.11

2.3.2 Chiller efficiency and life-cycle cost

Water-cooled chillers having efficiencies of 0.9 kW/RT were common
in the 1970s. The efficiency of these chillers has improved over the last
30 years and the average chiller efficiency has now improved to about
0.55 kW/RT (efficiency of high-efficiency chillers can be better than
0.5 kW/RT).

Due to their design, high-efficiency chillers tend to be more expensive
than chillers of average efficiency. Although high-efficiency chillers cost
more, since they have a lower running cost (due to lower energy con-
sumption), the extra initial capital cost is usually paid back in a few
years.

The financial benefits of installing high-efficiency chillers instead of
“lower” efficiency chillers can be confirmed through a life-cycle analy-
sis that takes into account the initial capital cost of the chillers as well
as the operating cost over their expected life, which is usually 10 to
15 years. The operating cost, which needs to be accounted for in a com-
plete life-cycle costing, should include the main cost components such
as the energy cost, peak power demand cost (if applicable), refrigerant
cost, and maintenance cost. In addition, if the pressure drop across the
evaporators and condensers of different chiller options considered are
different, then the energy consumption of the chilled water and con-
denser water pumps to overcome the extra resistance also needs to be
considered (discussed in Chapter 4).
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Examples 2.2 and 2.3 illustrate life-cycle cost comparison for a 500-RT
capacity chiller for three different efficiencies—0.5 kW/RT (high effi-
ciency), 0.55 kW/RT (average efficiency) and 0.65 kW/RT (low efficiency).
For simplicity, only the first cost and operating energy costs of the chiller
are considered in the examples.

Example 2.2 (Chiller loading and efficiency are fixed) In this example, the life-cycle
cost for chillers with three different rated efficiencies of 0.5, 0.55 and 0.65 kW/RT
are estimated assuming that the chillers operate 10 hours a day and 250 days a
year.

The chiller loading (500 RT) and chiller efficiency are assumed to be fixed. If
the electricity cost is $0.10/kWh and the electricity cost is expected to escalate by
2 percent a year, the annual energy cost for operating the chiller can be computed
as follows:

Energy cost = Cooling load X hours of operation X efficiency (kW/RT)

X electricity tariff.

For the 0.5 kW/RT chiller, the energy cost for Year 1
= 500 RT X 10 h/day X 250 days/year X 0.5 kW/RT X $0.10/kWh
= $62,500

The energy cost for Year 2 with 2 percent escalation of tariff will be $63,750
($62,500 X 1.02).

Similarly, the annual energy cost for operating each of the three chillers can be
computed.

The life-cycle cost computed for the three chiller combinations based on the
following first cost is given in Table 2.3.

B $300,000 for 0.5 kW/RT chiller
B $275,000 for 0.55 kW/RT chiller
B $250,000 for 0.65 KkW/RT chiller

(All costs are annual energy costs except for Year 0, which includes the capital
cost of the chillers.)

This simple life-cycle costing shows that the first option of using a 0.5 kW/RT
high-efficiency chiller has the lowest total cost over a 10-year period, and is there-
fore the best option of the three.

Example 2.3 (Variable chiller loading) Normally, the loading of chillers vary with
time due to changes in the cooling load. Although, the energy cost for chillers can
be computed using the same equation as in Example 2.2, since the chiller load-
ing is not constant, the efficiency of the chillers cannot be taken as a fixed value.
Therefore, the chiller energy consumption has to be computed at different loads
and then summed up to give the total consumption. The easiest way to do this is
by discretizing the cooling load into suitable intervals (1-hour intervals in this
example) and computing the consumption for each interval, which can be added
to give the total daily consumption.
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TABLE 2.3 Life-Cycle Cost for the Different Chillers (Assuming Their
Loading and Efficiency are Fixed)

Annual cost of chillers

0.5 kW/RT 0.55 kW/RT 0.65 kW/RT
Year 0 $300,000 $275,000 $250,000
Year 1 $62,500 $68,750 $81,250
Year 2 $63,750 $70,125 $82,875
Year 3 $65,025 $71,528 $84,533
Year 4 $66,326 $72,958 $86,223
Year 5 $67,652 $74,417 $87,948
Year 6 $69,005 $75,906 $89,707
Year 7 $70,385 $77,424 $91,501
Year 8 $71,793 $78,972 $93,331
Year 9 $73,229 $80,552 $95,197
Year 10 $74,693 $82,163 $97,101
Total $984,358 $1,027,793 $1,139,665

In this example, the cooling load is expected to vary, as shown in column A of
Table 2.4. The energy consumption for the three different chillers can be estimated
as shown in Tables 2.4 to 2.6.

(Efficiency values at different load conditions given in column B are assumed
for this chiller and the other two chillers, but can normally be obtained from
chiller manufacturers.)

If the building operates 250 days/year at the same load profile,
the annual electricity cost for the 0.5 kW/RT efficiency chiller
= 2258.5 kWh/day X 250 days/year X $0.10/kWh
= $56,463

TABLE 2.4 Energy Savings Estimation for Case with Variable Cooling Load
for 0.50 kW/RT Efficiency Chiller

Cooling Chiller Chiller efficiency kWh
load (RT) loading (KW/RT) consumption
Time A B C=AXB

08000900 350 70% 0.59 206.5
0900-1000 375 75% 0.58 217.5
1000-1100 400 80% 0.55 220
1100-1200 450 90% 0.52 234
1200-1300 500 100% 0.5 250
1300-1400 500 100% 0.5 250
1400-1500 450 90% 0.52 234
1500-1600 400 80% 0.55 220
1600-1700 400 80% 0.55 220
1700-1800 350 70% 0.59 206.5

Total 2258.5 kWh/day
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TABLE 2.5 Energy Savings Estimation for Case with Variable Cooling Load
for 0.55 kW/RT Efficiency Chiller

Cooling Chiller Chiller efficiency kWh

load (RT) loading (kW/RT) consumption

Time A B1 Cl=AXB1
0800-0900 350 70% 0.64 224
0900-1000 375 75% 0.63 236
1000-1100 400 80% 0.6 240
1100-1200 450 90% 0.57 257
1200-1300 500 100% 0.55 275
1300-1400 500 100% 0.55 275
1400-1500 450 90% 0.57 257
1500-1600 400 80% 0.6 240
1600-1700 400 80% 0.6 240
1700-1800 350 70% 0.64 224

Total 2467 kWh/day

If the load profile of the building varies on some days (Saturdays and Sundays),
the kWh consumption has to be computed separately for each typical pattern
experienced and then multiplied by the number of days in a year that this pat-
tern is expected to be experienced by the building.

The annual electricity cost for the 0.55 kW/RT efficiency chiller
= 2467 kWh/day X 250 days/year X $0.10/kWh
= $61,675

TABLE 2.6 Energy Savings Estimation for Case with Variable Cooling Load
for 0.65 kW/RT Efficiency Chiller

Cooling Chiller Chiller efficiency kWh

load (RT) loading (kW/RT) consumption

Time A B2 C2=AXB2
0800-0900 350 70% 0.74 259
0900-1000 375 75% 0.73 274
1000-1100 400 80% 0.7 280
1100-1200 450 90% 0.67 302
1200-1300 500 100% 0.65 325
1300-1400 500 100% 0.65 325
1400-1500 450 90% 0.67 302
1500-1600 400 80% 0.7 280
1600-1700 400 80% 0.7 280
1700-1800 350 70% 0.74 259

Total 2885 kWh/day

The annual electricity cost for the 0.65 kW/RT efficiency chiller
= 2885 kWh/day X 250 days/year X $0.10/kWh
= $72,125
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TABLE 2.7 Life-Cycle Cost for Chillers Operating at Variable Load

0.5 kW/RT 0.55 kW/RT 0.65 kW/RT
Year O $300,000 $275,000 $250,000 (First cost)
Year 1 $56,463 $61,675 $72,125 (Electricity cost
Year 2 $57,592 $62,909 $73,568 increasing
Year 3 $58,744 $64,167 $75,039 at 2%
Year 4 $59,918 $65,450 $76,540 annually)
Year 5 $61,117 $66,759 $78,070
Year 6 $62,339 $68,094 $79,632
Year 7 $63,586 $69,456 $81,224
Year 8 $64,858 $70,845 $82,849
Year 9 $66,155 $72,262 $84,506
Year 10 $67,478 $73,707 $86,196
Total $918,249 $950,324 $1,039,749

The life-cycle cost comparison for the three different chillers is given in
Table 2.7.

This example too shows that the 0.5 kW/RT chiller has a lower life-cycle cost.
Ideally, the cost for the peak power demand needs to be added. This will be the
power drawn by the chiller at the time when the building experiences peak power
demand. For instance, if the building experiences peak power demand between
1200 and 1300 hours, the power drawn by the three chiller options will be 250 kW
(500 RT X 0.5 kW/RT), 275 kW (500 RT X 0.55 kW/RT), and 325 kW (500 RT X
0.65 kW/RT), respectively.

If the monthly demand charges are $10/kW, the monthly demand cost for the
three options will be $30,000 (250 kW X $10/kW per month X 12 months), $33,000,
and $39,000, respectively. This additional cost then needs to be added to the pro-
jected annual energy cost for the different options.

If the maintenance costs for the different chillers being considered are appre-
ciably different as can be the case if different brands of chillers are considered,
the annual operating cost should be the sum of energy, power demand, and main-
tenance costs expected for each year of operation.

2.3.3 Sizing and configuration

As explained earlier, the operating efficiency of chillers depends on their
loading. A typical chiller loading versus efficiency relationship is shown
in Fig. 2.13. As can be seen from this figure, chiller efficiency is best
when operating in the range 60 to 100 percent of its capacity, while
optimum efficiency is obtained at 80 percent loading (some chillers oper-
ate best at 100 percent).

Chillers are usually oversized for new building installations due to the
unavailability of accurate load estimation tools, leading to the use of high
safety factors in the design. This over sizing repeats even when the sys-
tems are retrofitted since replacement of chillers is often done on a one-
to-one basis. Also, chillers are normally sized to meet the peak load
without much consideration of the load profile. Since the cooling load of
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Figure 2.13 Typical chiller part-load curve.

a building varies with time, this can result in chillers operating at part
load for long periods of the day, wasting much energy.

Therefore, sizing and configuration of chillers for new buildings should
be done using accurate load estimation tools, while the measured cool-
ing load profile should be used when retrofitting existing buildings.
Chillers should be sized based on the peak cooling load and the cooling
load profile of the building. If chillers of different capacities are avail-
able, depending on the load profile, various combinations of chillers can
be operated during the day to match the building’s cooling load profile.
This would ensure that the chillers are able to operate within their best
efficiency range at all times.

Examples 2.4 and 2.5 illustrate the importance of chiller sizing and
configuration for a new chiller installation and a chiller plant retrofit,
respectively.

Example 2.4 (new chiller installation) Consider the building cooling load profile
shown in Fig. 2.14. The cooling load of the building varies from about 500 RT in
the night to a peak of 1800 RT during the afternoon. This building cooling load
profile can be satisfied by an infinite number of chiller combinations. If one chiller
is used, an 1800-RT capacity chiller would be required. However, this would lead
to very inefficient operation of the chiller during periods of low cooling load, (in
the night when the load is about 500 RT). If two equally sized chillers of 900 RT
each are used to meet the peak load of 1800 RT, it will also result in very poor effi-
ciency at night during part-load operation. A chiller combination that provides a
smaller capacity chiller to operate at night and higher capacity chillers to oper-
ate during the daytime would lead to better efficiency due to better matching of
chiller capacity to load.

Since performance data for chillers can normally be obtained from chiller man-
ufacturers, if the building cooling load profile and operating hours are known, the
expected energy consumption of a chiller can be computed.
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Figure 2.14 Cooling load profile for a day in a building.

Consider the part-load performance data for an 1800-RT chiller given in Table 2.8
(assumed for illustration purposes).

For the cooling load profile given in Fig. 2.14, the daily chiller energy con-
sumption can be estimated, as shown in Table 2.9, using the following equation,

kWh consumption = cooling load in RT X hours of operation

X efficiency (kW/RT) of chiller.

Similarly, the energy consumption for two other combinations using chillers of
1000-, 650-, and 500-RT capacity (part-load data given in Table 2.10) to meet the
same building cooling load can be computed as shown in Tables 2.11 and 2.12.

The energy consumption for the three different chiller combinations is sum-
marized in Table 2.13.

TABLE 2.8 Part-Load Performance Data for a 1800-RT Capacity Chiller

Percent loading Cooling capacity (RT) Efficiency (kW/RT)
100 1800 0.58
90 1620 0.57
80 1440 0.57
70 1260 0.57
60 1080 0.58
50 900 0.60
40 720 0.64
30 540 0.71

20 360 0.91
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TABLE 2.9 Estimated Hourly Energy Consumption for an 1800-RT Chiller

Available Hourly power

Load capacity Loading Efficiency consumption
Time (RT) RT) (%) (kW/RT) (kW)
0100 480 1800 27% 0.80 384
0200 480 1800 27% 0.80 384
0300 450 1800 25% 0.80 360
0400 460 1800 26% 0.80 368
0500 470 1800 26% 0.80 376
0600 480 1800 27% 0.80 384
0700 700 1800 39% 0.64 448
0800 750 1800 42% 0.64 480
0900 984 1800 55% 0.59 581
1000 1200 1800 67% 0.57 689
1100 1400 1800 78% 0.57 798
1200 1700 1800 94% 0.58 978
1300 1800 1800 100% 0.58 1044
1400 1750 1800 97% 0.58 1015
1500 1700 1800 94% 0.58 978
1600 1650 1800 92% 0.57 941
1700 1600 1800 89% 0.57 912
1800 1500 1800 83% 0.57 855
1900 1400 1800 78% 0.57 798
2000 1200 1800 67% 0.57 689
2100 1000 1800 56% 0.59 590
2200 800 1800 44% 0.62 496
2300 700 1800 39% 0.64 448
2400 600 1800 33% 0.69 414

Total 15,408 kWh/day

The above example shows that the energy consumption for the dif-
ferent options vary from one to another and that sizing and configura-
tion of chillers has a significant effect on the cooling-energy consumption.
This emphasizes the importance of accurately estimating the expected

TABLE 2.10 Part-Load Performance Data for 500-, 650-, and 1000-RT Capacity
Chillers.

Efficiency (kW/RT) Efficiency (kW/RT)  Efficiency (kW/RT)

Percent loading 500-RT chiller 650-RT chiller 1000-RT chiller
100 0.60 0.59 0.59
90 0.60 0.59 0.58
80 0.60 0.59 0.58
70 0.61 0.60 0.59
60 0.62 0.61 0.60
50 0.65 0.63 0.63
40 0.71 0.68 0.68
30 0.79 0.75 0.75

20 0.98 0.95 0.90
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TABLE 2.11 Estimated Energy Consumption for Chiller Combination of Two
1000-RT Chillers

Available Hourly power
Load capacity Loading Efficiency consumption
Time (RT) (RT) (%) (kW/RT) (kW)
0100 480 1000 48% 0.64 307
0200 480 1000 48% 0.64 307
0300 450 1000 45% 0.66 297
0400 460 1000 46% 0.65 299
0500 470 1000 47% 0.65 306
0600 480 1000 48% 0.64 307
0700 700 1000 70% 0.59 413
0800 750 1000 5% 0.59 443
0900 984 1000 98% 0.59 581
1000 1200 2000 60% 0.60 720
1100 1400 2000 70% 0.59 826
1200 1700 2000 85% 0.58 986
1300 1800 2000 90% 0.58 1044
1400 1750 2000 88% 0.58 1015
1500 1700 2000 85% 0.58 978
1600 1650 2000 83% 0.58 957
1700 1600 2000 80% 0.58 928
1800 1500 2000 75% 0.59 885
1900 1400 2000 70% 0.59 826
2000 1200 2000 60% 0.60 720
2100 1000 1000 100% 0.59 590
2200 800 1000 80% 0.58 464
2300 700 1000 70% 0.59 413
2400 600 1000 60% 0.60 360
Total 14,971 kWh/day

cooling load profile for a building and then selecting the most suitable
combination of chillers. When selecting the best combination of chillers,
one should also keep in mind that although one combination may have
a lower energy consumption, it may have a higher associated capital cost.
Therefore, it is advisable to use a life-cycle cost comparison to identify
the most economical solution.

The next example illustrates how chiller sizing and configuration can
be used to improve the efficiency of chillers in an existing building.

The improvement in chiller efficiency possible due to correct sizing and
configuration of chillers is the same whether it is a new building instal-
lation or an existing one. However, better results can normally be
achieved when retrofitting an existing chiller system since the actual
building cooling load profile can be measured accurately as opposed to
having to use simulation tools to predict the cooling load profile for a new
building.
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TABLE 2.12 Estimated Energy Consumption for the Combination of Two 650-RT
and one 500-RT Chillers

Available Average Hourly power
Load capacity Loading efficiency consumption
Time (RT) (RT) (%) (kW/RT) (kW)
0100 480 500 96% 0.60 288
0200 480 500 96% 0.60 288
0300 450 500 90% 0.60 270
0400 460 500 92% 0.60 276
0500 470 500 94% 0.60 282
0600 480 500 96% 0.60 288
0700 700 1150 61% 0.62 434
0800 750 1150 65% 0.61 458
0900 984 1150 86% 0.60 590
1000 1200 1300 92% 0.59 708
1100 1400 1800 78% 0.60 840
1200 1700 1800 94% 0.60 1020
1300 1800 1800 100% 0.60 1080
1400 1750 1800 97% 0.59 1033
1500 1700 1800 94% 0.60 1020
1600 1650 1800 92% 0.59 974
1700 1600 1800 89% 0.59 944
1800 1500 1800 83% 0.60 900
1900 1400 1800 78% 0.60 840
2000 1200 1300 92% 0.59 708
2100 1000 1150 87% 0.60 600
2200 800 1150 70% 0.61 488
2300 700 1150 61% 0.62 434
2400 600 650 92% 0.59 354

Total 15,116 kWh/day

TABLE 2.13 Annual Energy Consumption for the Three Different
Chiller Combinations

Daily kWh Annual kWh

Chiller combination consumption consumption
1 X 1800 RT 15,408 5,623,920
2 X 1000 RT 14,971 5,464,415
1 X 500 RT + 2 X 650 RT 15,116 5,517,340

Example 2.5 (retrofit) Consider a building that operates daily from 7 a.m. to 10
p.m., where two chillers are operated from 11 a.m. to 9 p.m. and only one chiller
at other times. The capacity of the chillers is rated at 550 RT each.

The building cooling load profile is given in Fig. 2.15, while the chiller part-load
efficiency data for the existing chillers are given in Table 2.14.

Since the chillers normally operate at 375 RT each (750-RT combined load
shared by two chillers) during most of the day, the resulting operating efficiency
is about 0.8 kW/RT, which is a drop of 14 percent compared to the full-load effi-
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Figure 2.15 Building load profile.

ciency of the chiller. This indicates that the chillers are significantly oversized for
the application. Since the chillers are rated at 550 RT, they each operate at less
than 70 percent of their original capacity at the peak load of 750 RT.

This chiller system can be retrofitted to improve the efficiency by replacing the
chillers with new machines sized to match the building’s cooling load profile.
Based on the measured peak load of 750 RT for the building, the maximum
chiller operating capacity required during the warmer periods of the year is esti-
mated to be not more than 900 RT (extra 20 percent capacity). Since the off-peak
cooling load is about 450 RT for the building, a suitable capacity for the new
chillers would be 450 RT each, where two machines can be operated to meet
peak load while only one is operated at other times. This will ensure that the
chillers operate at their most efficient operating range of 80 to 100 percent of their
rated capacity.

Using the part-load efficiency of the proposed new chillers (typical data given
in Table 2.15), the expected savings can be estimated as shown in Table 2.16.

TABLE 2.14 Part-Load Efficiency Data for the Existing Chillers

Chiller load (RT) Loading (%) Efficiency (kW/RT)
550 100% 0.70
495 90% 0.72
440 80% 0.78
385 70% 0.80
330 60% 0.85
275 50% 0.88

220 40% 0.90
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TABLE 2.15 Typical Part-Load Data for the New Chillers

Chiller load (RT) Loading (%) Efficiency (kW/RT)
450 100% 0.54
405 90% 0.55
360 80% 0.57
315 70% 0.59
270 60% 0.61
225 50% 0.65
180 40% 0.69

TABLE 2.16 Estimated Energy Savings with New Chiller

Present Proposed
Daily Cooling chiller Present chiller Proposed
operating  Hours/ load efficiency consumption efficiency consumption
hours day (RT) (kW/RT) (kWh/day) (kW/RT) (kWh/day)
0700-0800 1 375 0.8 300 0.56 210
0800-0900 1 375 0.8 300 0.56 210
0900-1000 1 375 0.8 300 0.56 210
1000-1100 1 375 0.8 300 0.56 210
1100-1200 1 735 0.8 588 0.57 419
1200-1300 1 735 0.8 588 0.57 419
1300-1400 1 735 0.8 588 0.57 419
1400-1500 1 735 0.8 588 0.57 419
1500-1600 1 735 0.8 588 0.57 419
1600-1700 1 735 0.8 588 0.57 419
1700-1800 1 735 0.8 588 0.57 419
1800-1900 1 735 0.8 588 0.57 419
1900-2000 1 735 0.8 588 0.57 419
2000-2100 1 735 0.8 588 0.57 419
2100-2200 1 440 0.77 339 0.54 238
Total 15 7419 5268

kWh savings = (7419 — 5268) kWh/day
= 2151 X 365 kWh/year
= 785,115 kWh/year.
If the average electricity tariff is $0.10/kWh, kWh savings
= 785,115 kWh/year X $0.10 /kWh
= $78,512 per year
kW peak demand savings, if applicable, is calculated as follows:
Present maximum power demand at peak cooling load
= 735 RT X 0.8 kW/RT = 588 kW
Maximum power demand with new chillers

= 735 RT X 0.57 kW/RT = 419 kW
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Peak demand savings
= (588 — 419) kW/month

= 169 kW/month
If peak demand is charged monthly at $10/kW, Peak demand savings

= 169 kW/month X $10 X 12 months
= $20,280/year

Therefore, total annual savings
= $78,512 + $20,280
= $98,792

2.3.4 Consolidation of chiller plant

Some facilities have more than one chiller plant or have stand-alone
direct-expansion (DX) systems serving some areas while a central chiller
plant serves the other areas. Such stand-alone systems and multiple
chiller plants tend to be less efficient than a single central chiller plant.
Therefore, in facilities that have more than one chiller plant or those
with stand-alone systems serving specific areas of a building, they can
be consolidated into one central chiller plant to improve the overall
energy efficiency of the cooling system.

One of the main reasons for better energy efficiency of central cooling
plants is the use of higher capacity chillers as compared to the use of small
chillers in the case of multiple plants. Higher capacity chillers used in cen-
tral plants usually have a higher rated efficiency than smaller chillers and
therefore result in better operating efficiency. Further, for central plants,
load diversity and the availability of multiple chillers leads to better match-
ing of chiller capacity to cooling load, resulting in increased efficiency.

Applications for such consolidation of plants include building com-
plexes that have an office tower and a retail podium served by two dif-
ferent chiller plants, and buildings, such as hotels, that have a number
of blocks, each served by its own chiller plant. The savings that can be
achieved by such chiller plant consolidation is illustrated in Example 2.6.

Example 2.6 Consider the following example of a building facility having one
chiller plant serving the office tower while another chiller plant serves the podium
retail block.

The chiller plant serving the office block has three 500-RT capacity chillers and
operates from 8 a.m. to 10 p.m. Out of the three chillers; only two are operated at
peak load, leaving the third machine on standby.

As shown in Table 2.17, the load for the office tower ranges between 500 and
650 RT during the daytime and drops to 150 RT in the evening. This kind of cool-
ing load profile, where the evening cooling load is very much less than the day-
time load, is common and is due to reduced heat gain through the building
envelope and reduced occupancy during late evenings. The chiller loading (cool-
ing load divided by the operating chiller capacity) varies from 55 to 100 percent
during daytime to 30 percent during late evenings. The low chiller loading in the
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TABLE 2.17 Energy Consumption for an Office Tower Chiller Plant

Hours of Number of Cooling Chiller Chiller Present kWh
of hours load (RT) loading efficiency (kW/RT)  consumption
operation A B C AXBXxC
0800-0900 1 500 100% 0.57 285
0900-1000 1 500 100% 0.57 285
1000-1100 1 550 55% 0.74 407
1100-1200 1 600 60% 0.7 420
1200-1300 1 650 65% 0.72 468
1300-1400 1 600 60% 0.7 420
1400-1500 1 600 60% 0.7 420
1500-1600 1 550 55% 0.74 407
1600-1700 1 500 100% 0.57 285
1700-1800 1 500 100% 0.57 285
1800-1900 1 350 70% 0.68 238
1900-2000 1 150 30% 0.95 142.5
2000-2100 1 150 30% 0.95 142.5
2100-2200 1 150 30% 0.95 142.5
Total 4347.5

evenings is because a 500-RT capacity chiller has to be operated to satisfy a load
of 150 RT. As a result, the chiller efficiency drops significantly during this period.

Similarly, the chiller plant serving the retail podium block has two 400-RT
capacity chillers and operate from 10 a.m. to 10 p.m. Out of the two chillers, only
one is operated, leaving the second machine on standby.

As shown in the Table 2.18, the load for the podium block ranges between 300 and
350 RT during the daytime and drops to 200 RT in the evening. The chiller loading
varies from 75 to 88 percent during daytime and 50 percent during late evenings.
The low chiller loading in the evenings is because a 400-RT capacity chiller has to

TABLE 2.18 Energy Consumption for a Chiller Plant Serving a Retail Podium

Chiller
Hours Number Cooling Chiller efficiency Present kWh
of of hours load (RT) loading (kW/RT) consumption
operation A B C AXBXC
1000-1100 1 300 75% 0.7 210
1100-1200 1 325 81% 0.7 228
1200-1300 1 350 88% 0.68 238
1300-1400 1 350 88% 0.68 238
1400-1500 1 325 81% 0.7 228
1500-1600 1 325 81% 0.7 228
1600-1700 1 325 81% 0.7 228
1700-1800 1 300 75% 0.7 210
1800-1900 1 300 75% 0.7 210
1900-2000 1 300 75% 0.7 210
2000-2100 1 200 50% 0.95 190
2100-2200 1 200 50% 0.95 190

Total 2606
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be operated to satisfy a load of 200 RT. As a result, the chiller efficiency drops sig-
nificantly during this period (chiller efficiencies used are based on typical data).

To satisfy the requirements of both the office tower and the retail podium, the
central plant can be a new plant with new chillers selected to match the combined
cooling load or one of the existing plants converted to serve as the central plant.
If an existing chiller plant is converted to the central plant, the existing chillers
can be used with or without additional chillers, depending on the combined cool-
ing load. Care should be taken to ensure that all areas of the new combined
system can withstand the higher static pressure imposed by the office tower
chilled water distribution system. If required, heat exchangers can be installed
to hydraulically isolate the office tower and retail podium systems.

The most logical choice in this case would be to use the chiller plant serving the
office tower to act as the combined central plant. The analysis for this scenario is
given in Table 2.19.

Since this plant has three 500-RT chillers, only two machines need to be oper-
ated during daytime to meet the expected combined cooling load. Due to the load
diversity of the two blocks, the chillers would be better loaded during most times
of the day, leading to better chiller efficiency. The best improvement in efficiency
would be achieved in the late evenings when only one 500-RT chiller has to be oper-
ated to satisfy the combined load of 350 RT as compared to the need for operat-
ing two chillers previously.

The savings in this case is the difference between the kWh consumption for the
two separate plants and the central combined plant.

Therefore, savings
= [(4347.5 + 2606) — 5772]
= 1181.5 kWh/day
= 431,248 kWh/year.

TABLE 2.19 Energy Consumption for Proposed Combined Chiller Plant

Combined  Average  Average chiller Proposed

Hours Number cooling chiller efficiency kWh
of of hours load (RT) loading (kW/RT) consumption

operation A B C AXBXC
0800-0900 1 500 100% 0.57 285
0900-1000 1 500 100% 0.57 285
1000-1100 1 850 85% 0.55 468
1100-1200 1 925 93% 0.56 518
1200-1300 1 1000 100% 0.57 570
1300-1400 1 950 95% 0.57 542
1400-1500 1 925 93% 0.56 518
1500-1600 1 875 88% 0.55 481
1600-1700 1 825 83% 0.55 454
1700-1800 1 800 80% 0.57 456
1800-1900 1 650 65% 0.72 468
1900-2000 1 450 90% 0.56 252
2000-2100 1 350 70% 0.68 238
2100-2200 1 350 70% 0.68 238

Total 5772
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In this particular example, the cost that needs to be incurred to
achieve this saving would be to modify the chilled water piping and
pumping systems to enable the office tower plant to serve the podium
block. This makes it financially attractive when compared to con-
structing a new central plant with new chillers.

The decision whether to use one of the existing plants with or without
the existing chillers as compared to constructing a new plant depends
on factors such as whether the existing chillers can satisfy the combined
load, or if additional chillers are required, whether they can be installed
in the existing plant room, and the efficiency of the existing chillers.
Usually, if the chillers are old and inefficient, it would be better to replace
them with new machines suitably sized to satisfy the combined load.

2.3.5 Chiller sequencing

As explained earlier, the operating efficiency of chillers depends on their
loading. A typical chiller loading versus efficiency relationship is shown
in Fig. 2.13. As can be seen from this figure, the chiller efficiency is best
when operating in the range 60 to 100 percent of its capacity, while
optimum efficiency is at 80 percent loading (some chillers operate best
at 100 percent).

It was also explained earlier that it is important to have the right com-
bination of chillers so that the operating chiller capacity can be matched
to the varying building cooling load to ensure that the chillers are always
able to operate within the best efficiency range. However, to achieve this
objective, it is not sufficient to just have the correct combination of
chillers. It is also necessary to have a control system to ensure that the
matching of chiller capacity to load can be done continuously.

This is normally achieved through chiller sequencing, which enables
operation of the most efficient combination of chillers to meet the vary-
ing building load. A chiller sequencing programme will start an additional
chiller when the building load exceeds the capacity of the running
chillers and stop a chiller when the remaining chillers can handle the
building load.

If chiller operations are optimized based only on chiller efficiency, the
optimal point for adding or removing chillers may occur when the
chillers are not fully loaded since maximum chiller efficiency usually
occurs at part load (Fig. 2.13). For example, theoretically it may be
better to operate two chillers at part load rather than one big chiller at
100 percent capacity. However, this strategy ignores the need for addi-
tional chilled water pumps, condenser water pumps, and cooling towers
when the additional chiller is operated. Therefore, optimizing should be
carried out based on the total power consumption of the chiller system
(chillers, pumps, and cooling towers), as shown in Fig. 2.16.
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Figure 2.16 'Typical system efficiency curves for different chiller operating scenarios.

Normally for systems where chillers have dedicated pumps and cool-
ing towers, the operating chillers should be fully loaded before starting
an additional chiller because the power required for operating the pumps
and cooling towers for the additional chiller is greater than the saving
in chiller power when operating it at optimum part-load conditions.

However, for systems that do not have dedicated pumps (systems
with variable speed primary pumps or multiple primary pumps on a
common header), the optimal load condition for bringing chillers online
or offline may not occur at chiller full load. In such a case, the optimal
chiller switching point will depend on the combined chiller, pumping,
and cooling tower power consumption.

In most buildings, the relationship between cooling load and the chilled
water flow required to meet that load are not linear. Therefore, often
chillers need to be sequenced to satisfy both building cooling load and
chilled water flow requirements. The actual relationship between chilled
water flow and the capacity of typical constant air volume (CAV) AHU
cooling coils is shown in Fig. 2.17. As the figure shows, the relationship
between flow and capacity is logarithmic and also changes with chilled
water temperature. Further, other system operating conditions, such as
unequal loading of AHUs or low AT (low temperature difference between
chilled water return and supply), can cause the relationship between flow
and capacity in a chilled water system to be non-linear. Figure 2.18
shows the ideal linear relationship with possible extremes for the chilled
water flow and capacity relationships for typical chilled water systems.

As Fig. 2.18 shows, generally for the lower curve, a higher percent-
age of flow is required to satisfy a particular load (e.g. 80 percent flow
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Figure 2.17 'Typical cooling coil characteristic for a constant air volume AHU

to satisfy 50 percent capacity). Therefore, if this particular installation
has two equal sized chillers, each sized to meet 50 percent of the total
load, the second chiller has to be switched on when the building load
exceeds about 25 percent of the total because at this point, more than
50 percent flow (maximum flow for one set of chiller and pump) is
required to satisfy the load. In such situations, an additional chilled
water pump (and therefore an additional chiller) needs to be turned on
to satisfy flow requirements although the operating chiller has not been
fully loaded.
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Figure 2.18 Possible relationships between chilled water flow and capacity.
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Another important operating parameter to be considered in chiller
sequencing is chiller motor loading. The motor of the chiller compres-
sor 1s sized to meet the requirements of the compressor when it is fully
loaded. However, the actual current drawn by the compressor motor at
a particular cooling load also depends on the chilled water and con-
denser water temperatures. If for instance, the chilled water supply
temperature is set higher during off-peak cooling periods or if the con-
denser water supply temperature is lower due to favorable weather con-
ditions, the current drawn by the motor at a particular load will be less
since the compressor has to work against a lower pressure differential
(explained later). Therefore, when a chiller reaches its maximum design
capacity, the motor may not be loaded to 100 percent of the design value
and as a result the chiller can be loaded further until the motor reaches
its maximum capacity, resulting in the chiller providing a higher capac-
ity than rated. If, in such an instance, the chillers are sequenced only
based on cooling load, an additional chiller will be turned on before the
running chiller is loaded fully.

Therefore, it can be seen that it is not sufficient just to sequence
chillers based on the cooling load since other parameters such as chilled
water flow requirements and motor loading need to be considered. A few
typical chiller sequencing strategies of different complexities are illus-
trated next.

Typical chiller sequencing strategies

a. Simple control strategy using chilled water temperature to sequence
chillers. In the system shown in Fig. 2.19, an additional chiller is turned
on, when the temperature of chilled water leaving the chillers T,, T, or
T, is greater than the set point (chiller/s in operation cannot satisfy load).

Similarly, if two chillers are in operation and they are of equal
capacity, an operating chiller is switched-off if chiller AT/design AT

NUN
AN

X Cooling
coils
By-pass
pipe
Control
valves

{(
7

Figure 2.19 Chiller sequencing using chilled water temperature.
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is less than 0.5 (cooling load is less than half and can be satisfied by
one chiller) and chilled water leaving temperature is not greater
than set point. The chiller AT and design AT are the temperature dif-
ferences between chilled water return and chilled water supply under
operating conditions and design conditions, respectively.

This is a simple but crude way of sequencing chillers. Since param-
eters such as chilled water flow, cooling load and motor loading are
not measured, chiller operations cannot be optimized.

b. Commonly applied control strategy using cooling load and chilled
water temperature (Fig. 2.20).

In this system, the cooling load is calculated using the tempera-
ture difference for chilled water (T, — T,) and the chilled water flow
rate. An additional chiller is turned-on when the temperature of
chilled water leaving the chiller T} is greater than set point (chiller/s
in operation cannot satisfy load) or if the cooling load is equal to the
capacity of operating chillers.

An operating chiller is switched off if the cooling load is less than
the capacity of operating chillers, less the capacity of one chiller, and
T, is not greater than set point.

This is a better way of sequencing chillers since chillers are operated
based on the cooling load. However, as pointed out earlier, chillers can
provide more than the design capacity in some off-design operating
conditions, such as lower condenser water supply temperature or higher
chilled water temperature. Therefore, in such an instance, an addi-
tional chiller will be switched-on before the operating chillers are fully
loaded. The next strategy is designed to overcome this shortcoming.

c. Recommended strategy for chiller sequencing in systems with only
primary pumping. This strategy uses cooling load, chilled water tem-
perature, and chiller motor loading to sequence chillers (Fig. 2.21).

Chillers | 1 2 3 g Cooling
coils
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— «
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Figure 2.20 Chiller sequencing using cooling load and chilled water temperature.
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Figure 2.21 Chiller sequencing using cooling load, chilled water temperature and motor
loading.

An additional chiller is turned on when the temperature of chilled
water leaving the chiller T, is greater than set point (chiller/s in
operation cannot satisfy load) or if the cooling load is equal to the
capacity of the operating chiller and the current drawn by the chiller
motor is equal or greater than the rated full load current of the motor
(fully loaded motor).

An operating chiller will be switched off if the cooling load is less
than the capacity of operating chillers, less the capacity of one chiller,
and T, is not greater than set point.

This method of sequencing chillers takes into consideration the
loading of chiller motors, which helps ensure that chillers are fully
loaded at off-design operating conditions, such as at lower condenser
water supply temperature and higher chilled water temperature,
when chillers are able to provide higher than the rated capacity.

d. Simple sequencing strategy for primary-secondary pumping sys-
tems. Primary-secondary pumping systems consist of two chilled
water pumping loops, a primary loop, which pumps chilled water
through the chillers, and a secondary loop, which pumps chilled
water to the terminal units such as AHUs and FCUs. These two loops
are hydraulically decoupled from each other (explained in detail in
Chapter 4).

As shown in Fig. 2.22, the simplest strategy is to use a bidirectional
flow meter on the decoupler pipe to indicate whether the chilled
water flow in the decoupler pipe is from the supply side to the return
side or in reverse, from the return side to supply side. If the flow is
from the return side to the supply side, it indicates that the chilled
water flow in the secondary loop is higher than that in the primary
loop and therefore an additional primary pump (and a chiller) needs
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Figure 2.22 Chiller sequencing for primary-secondary systems using decoupler flow and
chilled water temperature.

to be turned-on. Similarly, if the temperature of the chilled water
leaving the chillers (T,, Ty, or T;) is greater than set point, it indicates
that the chillers in operation are unable to meet the cooling load and
an additional chiller needs to be operated.

If the flow in the decoupler is from supply side to return side and
the flow is greater than 110 percent of the flow of one chiller, it indi-
cates that if one chiller is switched off, the chilled water flow require-
ments can still be met. Simultaneously, the temperature difference
between return and supply chilled water is compared with the design
AT (like in the earlier example for primary only systems) to ensure
that if one chiller is switched off, the resulting AT will not exceed the
design value. For example, when two equal capacity chillers are in
operation, if the value of the chilled water AT/design AT is less than
0.5, the cooling load can be satisfied by only one chiller.

One of the shortcomings of this system is that it does not sequence
chillers based on actual cooling load or loading of chillers, but is
based on indirect measurements. A better control strategy is described
next.

e. Recommended strategy for chiller sequencing in systems with pri-
mary-secondary pumping. It is recommended that two flow meters
be used to measure the chilled water flow; one on the primary chilled
water loop and the other on the secondary chilled water loop, as
shown in Fig. 2.23. The difference in readings between the two flow
meters will yield the flow rate and direction of chilled water flow in
the decoupler pipe.

This indirect measurement of decoupler flow is more accurate than
direct measurement using a flowmeter on the decoupler pipe, where

the flow can vary from zero to more than the design flow for one
chiller.
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Figure 2.23 Chiller sequencing for primary-secondary systems using individual flow
meters and chilled water temperatures.

In this system, an additional chiller is switched on if the chilled
water supply temperature (T,) is greater than set point (chillers
cannot satisfy cooling load) or if the chilled water flow in the primary
loop is less than the flow in the secondary loop (insufficient chilled
water flow).

Similarly, an operating chiller can be switched off if the flow in the
decoupler from the supply side to the return side is more than 110
percent of the design flow rate of one chiller and the cooling load
(measured using flowmeter and chilled water temperature differ-
ence) is less than the total capacity of the operating chillers less the
capacity of one.

2.3.6 Reset of chilled water temperature

Figure 2.24 shows the p-h diagram for an ideal vapor compression cycle.
“Work” is done in the cycle by the compressor to compress the refriger-
ant vapor from the evaporation pressure to the condensing pressure.
Therefore, if the evaporating pressure is increased or the condensing
pressure is reduced (explained later), the amount of work to be done by
the compressor reduces. This will result in an increase in COP or reduc-
tion in the kW/RT of the chiller. In general, it is estimated that improve-
ment in chiller efficiency of 1 to 2 percent can be achieved by increasing
the chilled water temperature by 0.6°C. Figure 2.25 shows the improve-
ment in efficiency due to chilled water reset for a typical chiller.
Chiller systems are generally designed for chilled water supply at
6.7°C (44°F) to meet the design peak cooling load. However, chillers
seldom have to operate under full-load conditions. Under such operating
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Figure2.24 Pressure—enthalpy diagram showing effect of increasing
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conditions, most of the time it would not be necessary to provide chilled
water at the design value and therefore the chilled water temperature
can be reset upwards.

One method of resetting the chilled water temperature is by moni-
toring the position of the control valves on the cooling coils. The valve
that is open the most can be used to reset the temperature and the
chilled water temperature can be reset upwards in steps until this con-
trol valve or any other reaches a preset value (eg. maximum 90 percent
open). Similarly, the chilled water temperature can be reset downwards
if any control valve opens beyond this set maximum value.
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Figure 2.25 Typical relationship between chiller efficiency and chilled water tem-
perature.
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Another method used for resetting the chilled water temperature is
based on the return chilled water temperature. When the return chilled
water temperature reduces (eg. from 12 to 10°C), the chilled water
supply temperature can be raised to bring the return temperature back
to the design value (12°C). This works on the assumption that the return
chilled water temperature drops if the cooling load drops, which will be
the case only if the chilled water flow is constant. Therefore, in variable
flow systems, where the flow reduces when the load drops, the return
temperature will not indicate load. Further, even if the system is a con-
stant flow one, if the loads are not homogeneous, the return tempera-
ture will be the average temperature of water returning from the
different loads and will only indicate the average load. This could lead
to situations wherein the chilled water temperature will be reset
upwards (because the mixed chilled water return temperature is low)
when some areas experience full load conditions and need chilled water
at the design temperature to satisfy the load.

The chilled water temperature can also be reset upwards based on the
cooling load or outdoor temperature. Since reduction in outdoor tempera-
ture leads to lower cooling load, the outdoor temperature or a direct meas-
urement of the load can be used to reset the chilled water temperature.

However, when the chilled water supply temperature is increased, the
chilled water flow would have to be increased to satisfy the same load for
CAV systems due to the performance characteristic of the coils (Fig. 2.17).

In variable flow chilled water pumping systems, when the chilled
water temperature is raised to improve chiller efficiency, the power con-
sumed by the chilled water pumps will increase due to the need for
more water flow to satisfy the same load. Therefore, when optimizing
savings from chilled water reset, the combined chiller and pumping
power should be considered to ensure that savings from the chiller
exceeds the extra energy consumption for chilled water pumping.

As Fig. 2.26 shows, chiller efficiency improves when chilled water
temperature is increased but results in a drop in chilled water pumping
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Figure 2.26 Effect of chilled water temperature on chiller and pump
efficiency.
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efficiency (more chilled water needs to be pumped to satisfy the same
load). The optimum operating point is when the overall efficiency (chiller
and pumps) is the highest. This optimum operating point will vary for
different installations as it depends on chiller and pump performance
characteristics.

Further, in variable air volume (VAV) air distribution systems,
increase in chilled water temperature leads to the need for higher supply
airflow from the AHUs to satisfy the cooling load. This too results in
higher AHU fan power consumption.

Based on research, at common AHU supply air temperatures of 11 to
13°C, the chilled water set point can be increased to about 8.5°C (47°F),
while maintaining the total system (chillers, pumps, and AHU fans)
power consumption within =1 percent of the optimum.

When resetting chilled water temperature, one should also bear in
mind that cooling coils of air-conditioning systems not only provide sen-
sible cooling but also remove moisture from the air in the air-conditioned
space and help to maintain the relative humidity. The moisture removal
ability of cooling coils depends on the chilled water supply temperature
since the air has to be cooled to its dew point temperature to condense
the moisture from the air. Therefore, raising the chilled water supply
temperature could lead to a reduction in the moisture removal ability
of the coils and higher relative humidity in conditioned spaces.

2.3.7 Reset of condenser water temperature

Similar to chilled water reset, the operating efficiency of chillers can
also be improved by reducing the condenser water temperature. The
improvement in chiller efficiency is due to the reduced pressure differ-
ential across which the compressor has to work when the condenser
water temperature is reduced (Fig 2.27). The savings from condenser
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Figure 2.27 Pressure—enthalpy diagram showing effect of condenser water
temperature.
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water reset is similar to that for chilled water reset, and improvement
in chiller efficiency of 1 to 2 percent can be achieved by reducing the con-
denser water temperature by 0.6°C (1°F). Figure 2.28 shows the improve-
ment in efficiency possible due to condenser water reset for a typical
chiller.

Cooling towers are designed to cool condenser water to within a few
degrees of the wet-bulb temperature. This temperature difference
between condenser water supply temperature and wet-bulb temperature
is called the cooling tower approach. Therefore, when the wet-bulb tem-
perature of the outdoor air drops, cooling towers are able to provide
condenser water at a lower temperature, which helps to improve chiller
efficiency.

2.3.8 Maintaining surfaces of condenser tubes

The evaporator and condenser tubes of chillers provide the surface for
heat transfer between the refrigerant and chilled water or condenser
water, respectively. If there is scaling or fouling on the tube surfaces, the
resistance to heat transfer increases. This results in a higher tempera-
ture difference driving the heat transfer process, which leads to lower
chiller efficiency.

Condenser tubes are more prone to fouling since the circulating water
is open to the outside (at the cooling towers) and therefore need to be
cleaned regularly. Research has shown that 0.6 mm of scale will increase
the chiller compressor power consumption by 20 percent.
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Figure 2.28 Typical relationship between chiller efficiency and condenser water
temperature.
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Scale and fouling in condensers is normally controlled by:

a. Water treatment systems to inhibit scaling and fouling

b. Blow down, where water is regularly drained from the bottom of the
cooling tower basin and topped up with clean water

c. Tube cleaning, where the insides of tubes are cleaned periodically by
brushing

The effectiveness of water treatment systems in controlling scaling
depends on the particular treatment programme employed. In chemi-
cal treatment programs the alkalinity of the water, which increases the
tendency for scaling, is controlled by increasing its acidity. However,
increase in acidity leads to increased corrosion and, therefore, chemi-
cal treatment programs are used more for controlling scaling than com-
pletely eliminating it.

Blow down and tube cleaning too are measures that are carried out
periodically, but cannot completely eliminate scaling and fouling. This
can result in chiller efficiency varying with time, as shown in Fig. 2.29.
When scale and fouling deposits collect on condenser tubes, the resist-
ance to heat transfer across the tubes from the condensing refrigerant
to the cooling water increases. This leads to an increase in the con-
densing temperature (and pressure) and causes the chiller efficiency to
drop since the compressor has to compress the refrigerant vapor to a
higher pressure. Over time, the thickness of the layer formed by scale
and fouling increases, resulting in a gradual drop in chiller efficiency.
Periodically, when tubes are cleaned by brushing, the efficiency returns
to the normal rated value. Thereafter, the efficiency gradually drops
again when scale and fouling builds up on tube surfaces. This results
in a kind of “saw tooth” pattern, where the length of the tooth denotes
the time interval between cleanings while the height of the tooth indi-
cates the maximum drop in chiller efficiency between cleanings.
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Figure 2.29 Variation of chiller efficiency due to scaling and fouling of con-
denser tubes.
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To avoid this, automatic tube cleaning systems (with balls or brushes),
which clean the condenser tubes periodically during operation of the
chillers, can be used to maintain chiller efficiency.

Figure 2.30 shows a typical system using sponge balls for cleaning tubes.
These sponge balls have a slightly larger diameter than the inside bore of
the condenser tubes. The balls are circulated through the tubes at regu-
lar intervals. As the balls travel through the tubes, scale and fouling
deposits are removed. After passing through the tubes, the balls are col-
lected by a strainer. Thereafter, the balls are returned to the cleaning sec-
tion for automatic cleaning and are injected back again after a set time.

The financial viability of installing such an automatic tube cleaning
system depends on the drop in chiller efficiency before the tubes are
cleaned. Since chiller efficiency cannot be easily measured and since it
1s even harder to detect a drop in chiller efficiency, the condenser water
“approach temperature” can be used as an indicator of scale and foul-
ing build up on condenser tubes. The condenser water approach tem-
perature is the difference between the condensing refrigerant temperature
and the temperature of the condenser water leaving the condenser.
Ahigh approach temperature usually indicates that tube cleaning is nec-
essary. Chiller condensers are normally designed for an approach of
about 1°C and therefore chillers that operate at approach temperatures
higher than this would be good candidates for the installation of auto-
matic cleaning systems. However, the actual savings that can be
achieved will depend on how much the approach temperature can be
reduced and the actual operating hours of the chiller.
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Figure 2.30 Typical arrangement of an automatic condenser tube cleaning system.
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2.3.9 Dedicated chillers for night operation

The cooling load of a building is dependent on the amount of heat gain
from internal and external sources. External heat gain is mainly due to
conduction of heat and transmission of solar radiation through the build-
ing facade, while internal heat gain is due to heat generated by the
building’s occupants, lighting, and other equipment.

The cooling load varies during the day mainly due to changes in exter-
nal factors such as outdoor temperature and intensity of solar radiation.
In addition, changes in internal factors such as occupancy also cause the
cooling load to vary.

As a result, buildings that operate 24 hours a day, like hotels or res-
idential apartments, experience much lower cooling loads during the
night as compared to the daytime. Therefore, a chiller or a combination
of chillers, which have been sized to meet the daytime cooling load of a
building, may be oversized for night load operation. This causes the
chillers to operate at lower efficiency since chiller efficiency depends on
their loading. This is illustrated further in Example 2.7.

Similar operating conditions that lead to inefficient operation of chillers
may also be experienced in buildings that do not operate 24 hours a day,
but operate during late evenings or weekends.

Example 2.7 Consider a case where the building’s cooling load varies as shown
in Fig. 2.31. The daytime cooling load varies from about 1000 to 1500 RT while the
night load is about 200 to 250 RT. This low night cooling load is experienced
daily from 10 p.m. to 8 a.m. During daytime, two to three chillers of 600 RT capacity
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Figure 2.31 Typical daily cooling load profile of a building.
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TABLE 2.20 Chiller Performance Data

Loading (%) Chiller load (RT) Efficiency (kW/RT)

100 600 0.64
90 540 0.63
80 480 0.63
70 420 0.65
60 360 0.68
50 300 0.73
40 240 1.0

30 180 1.2

are operated, while only one chiller of 600-RT capacity is operated at night to meet
the building’s cooling load.

During daytime, when two to three chillers are operated to meet the cooling load of
1000 to 1500 RT, chillers are loaded to more than 70 percent of their capacity. Chiller
efficiency during daytime is therefore about 0.64 kW/RT (Table 2.20). However, at
night, when a 600-RT chiller has to operate to meet a load of 200 to 250 RT, it is loaded
to only about 30 to 40 percent of the capacity. This results in the chiller efficiency drop-
ping to below 1.0 kW/RT.

The solution, in this case, is to install an additional small chiller to act as the
night chiller. The new chiller capacity can be 250 RT to meet the night load of 200
to 250 RT. The efficiency of a 250-RT chiller at this operating load will be much
better and will help to improve the chiller efficiency at night from 1.2 kW/RT to
about 0.58 kW/RT.

The measure will result in a reduction in kWh consumption due to the
improved operating efficiency of the new chiller. However, it will not normally
result in the reduction of peak power demand since buildings usually experience
maximum power demand during daytime. An estimation of savings is illustrated
in Table 2.21.

TABLE 2.21 Estimated kWh Consumption Savings During Nighttime Chiller Plant
Operation
Present Proposed
Cooling chiller Present chiller Proposed
Hours/ load efficiency  consumption efficiency consumption

day RT) (kW/RT) (kWh/day) (kW/RT) (kWh/day)

Time A B C AXBXC D AXBXxD
2200-2300 1 250 1.2 300 0.58 145
2300-2400 1 250 1.2 300 0.58 145
0000-0100 1 250 1.0 250 0.58 145
0100-0200 1 250 1.0 250 0.58 145
0200-0300 1 250 1.0 250 0.58 145
0300-0400 1 250 1.0 250 0.58 145
0400-0500 1 250 1.0 250 0.58 145
0500-0600 1 250 1.0 250 0.58 145
0600-0700 1 250 1.0 250 0.58 145
0700-0800 1 250 1.0 250 0.58 145
Total 10 2600 1450
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Since the capacity of the new chiller is half the capacity of existing chillers, suit-
able chilled water and condenser water pumps would need to be installed to match
the capacity of the new chiller. Alternatively, variable speed drives can be installed
on the existing pumps to enable them to be operated at a lower speed to match
the needs of the new chiller. A similar strategy can also be used to enable opera-
tion of an existing cooling tower fan at lower speed to meet the requirements of
the new chiller.

kWh savings = (2600 — 1450) kWh/day = 1150 kWh/day

If the chiller plant operates 7 days a week
X 52 weeks a year, kWh savings
= 1,150 X 7 X 52 kWh/year = 418,600 kWh/year

2.3.10 Use of absorption chillers

As explained earlier, absorption chillers need a heat source to operate.
Usually absorption chillers operate on low-pressure steam, hot water,
or are direct fired. Although such chillers are less efficient than those
working on the vapor compression cycle, if a waste heat source is avail-
able, it can be utilized to operate absorption chillers without incurring
any extra cost for fuel.

Waste heat from engine jacket water, engine or process exhaust gases,
and various industrial processes that generate heat are good sources of
heat that can be utilized to operate absorption chillers. The waste heat
sources can be either fed directly into the generator of the absorption
chiller or passed through a heat exchanger to recover useful heat. A typ-
ical arrangement of an absorption chiller operating using waste heat is
shown in Fig. 2.32.

It should be noted that absorption chillers need higher cooling tower
capacity due to the need for higher heat dissipation, which include the
heat removed in the evaporator and that added in the generator. This
results in added electricity consumption for cooling tower fans and con-
denser water pumps when compared to conventional chillers.
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Hot water or
low pressure

steam D —
Heat recovery > Chilled water
unit EEE—

Absorption chiller
Waste heat

Figure 2.32 Arrangement of an absorption chiller with a heat-
recovery system.
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The feasibility of utilizing an absorption chiller using waste heat,
instead of an electric chiller, is illustrated in Example 2.8.

Example 2.8 Consider the case of an industrial plant that has waste heat pro-
duced by a process system, which is currently released to the environment. If the
plant uses a 150-RT electric chiller to provide space and process cooling, the fea-
sibility of using an absorption chiller (using the waste heat) in place of the elec-
tric chiller can be assessed as follows:

The kW consumption for the two systems (excluding the chilled water pumps,
as the consumption will be the same for both options) is estimated as follows:

Electric chiller Absorption chiller
Chiller 135 kW 2.5 kW
(150 RT X 0.9 kW/RT)
Condenser water pumps 15 kW 15 kW
Cooling tower 5.5 kW 7.5 kW
Hot water pump — 7.5 kW
Total 155.5 kW 32.5 kW

kWh savings = (155.56 kW — 32.5 kW) X operating hours/year X tariff

Peak demand savings (if applicable)
= (155.5 kW — 32.5 kW)

X monthly demand charges X 12 months

The following assumptions can be used to compute the simple payback period
for the project:

Cost of the absorption chiller and heat exchanger = $250,000

Electricity tariff = $0.10/kWh

Peak demand charges = $10/month

Operating hours = 7000 h/year

kWh savings = (155.5 kW — 32.5 kW) kWh X 7000 hrs X $0.10
= $86,100 year
Peak demand savings = (155.5 kW — 32.5 kW) kW X $10 X 12 months
= $14,760/year
Total savings = $86,100 + $14,760 = $100,860/year.
The simple payback period
= cost for absorption chiller system/total savings

$250,000/$100,860

= 2.5 years.



Air-Conditioning and Central Chiller Systems 69

2.3.11 Thermal storage

Thermal storage is a form of storage that stores energy (cold or heat
energy) for use at a later time. Common thermal storage systems enable
cooling to be performed during non-peak periods and storing it for use
during peak periods.

Thermal storage systems provide building owners potential for achiev-
ing cost savings if the difference in electricity tariffs between peak and
off-peak is high, if peak demand charges are high, or the building max-
imum cooling load is much higher than the average cooling load.

The type of system depends on the storage medium. The three main
storage systems used are; chilled water, ice, and eutectic salts. Chilled
water storage systems (Fig. 2.33) use the sensible heat capacity of water,
which is 4.18 J/g C, to store cooling capacity. Ice storage systems use the
latent heat of fusion of water, which is 333 J/g, to store cooling capac-
ity. Similarly, eutectic salts too make use of the latent heat capacity to
store cooling capacity, but have the advantage of being able to operate
at higher temperatures than ice systems. The storage capacity depends
on the storage medium used and ice systems use the least space while
chilled water systems require the most space.

Since chilled water storage systems operate at normal chiller oper-
ating conditions, standard chiller systems can be used, while for ice
systems, special chillers that are designed to operate at low tempera-
tures or ice-making systems are required.
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Figure 2.33 Arrangement of a chilled water storage system. (Courtesy of EnE System.)
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Figure 2.34 Arrangement of an ice harvesting system.

Some technologies available for producing ice are; ice harvesting
systems (Fig. 2.34), ice-on-coil systems (Fig. 2.35), encapsulated ice
systems (Fig. 2.36) and ice slurry systems. In ice harvesting systems,
ice is formed on the surface of an evaporator and is periodically released
into a storage tank partially filled with water. In the ice-on-coil systems,
a coil is submerged in a tank containing water. The coolant medium,
normally a glycol and water mixture from a chiller, is passed through
the coil. Ice forms and accumulates on the surface of the coil. Storage is
discharged by passing warm return water through the coils which melts
the ice on the outside.

Encapsulated ice systems use water inside submerged plastic con-
tainers that are frozen and later thawed by passing cold coolant and

Figure 2.35 Typical ice-on-coil tanks with cutaway. (Courtesy of Calmac.)
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Figure 2.36 Arrangement of an encapsulated ice system. (Courtesy of EnE
System.)

warm water, respectively, outside the containers. Figure 2.36 shows a
system with ball-shaped containers. Ice slurry systems store water or
a mixture of water and glycol in a slurry state, which comprises of a mix-
ture of ice crystals and liquid. The slurry is either pumped direct to the
load or a heat exchanger is used to cool a secondary fluid.

Eutectic salts use a combination of inorganic salts, water, and other
elements to form a mixture that freezes at a temperature above the
freezing point of water. This enables the use of standard chillers for such
systems.

Since in chilled water storage systems chillers operate at normal
operating conditions, there is no change in chiller efficiency. However,
for ice systems, since chillers have to operate at low temperatures, such
as —7°C, there is a significant drop in chiller efficiency. The drop in effi-
ciency for centrifugal chillers can be about 50 percent (e.g. from 0.6 to
0.9 kW/RT). However, the drop in efficiency for air-cooled chillers is not



\

s ////////////////mm g m%t 52 2

Cha
N\
NN
0 10:

FOIMANRONT == 5 :::: y
B P P 0o
L IDONEO ==, 22331 o

M_ﬁ__“_______ﬁ__ﬁ__ﬁ_______ﬁ__“__ﬁ_z____q__ﬁ_____“__“____ﬁ__ﬁ__ﬁ____ﬁ__ﬁ__ﬁ__ \\\\\\\



Air-Conditioning and Central Chiller Systems 73

during the peak period. This strategy is attractive when peak demand
charges are high and there is a very big difference in electricity tariff
between peak and off-peak periods.

In partial storage systems, chillers operate to meet part of the cool-
ing demand during peak periods while the remainder of the cooling
demand is met by the storage system. The advantage of this system
is that equipment can be sized to be less than the design maximum
capacity. This strategy is attractive when the peak cooling demand is
much higher than the average cooling demand.

The evaluation of whether to install a thermal storage system, and
whether i1t should be chilled water or ice storage system can be com-
plex and will involve the consideration of many factors. Some of the
factors that need to be considered in the evaluation are; electricity tar-
iffs, peak power demand charges, daily and seasonal cooling demand pat-
terns, space availability, efficiency of systems, equipment cost, maintenance
costs, and type and configuration of equipment. A life-cycle costing will
normally be necessary for such an evaluation.

Another potential application for thermal storage systems is in build-
ings where a “night load” (a relatively low cooling load at night) has to
be supported by high-capacity chillers sized to meet daytime cooling
load, which results in very inefficient chiller operation.

In such situations, if a thermal storage system is used, it can be
charged during daytime using the “day chillers” and discharged at night
to satisfy the night cooling load.

2.3.12 Cahiller free cooling

Chiller “free cooling” involves using a chiller to provide cooling with its
compressors switched off. This strategy is possible only when outdoor
weather conditions are such that the outdoor wet-bulb temperature is
low enough to make condenser water colder than the chilled water and
building cooling is required. Such conditions are encountered in tem-
perate climates during autumn and spring. The chiller then operates like
a heat pipe where the refrigerant evaporated by the chilled water
migrates to the colder condenser, which causes the refrigerant to con-
dense and flow back to the evaporator.

To make this system function, a pipe with a valve needs to be
installed between the evaporator and condenser to enable the refrig-
erant to migrate from the evaporator to the condenser when the
compressor is not operating. Similarly, a piping connection is nec-
essary for the refrigerant to bypass the orifice used to control refrig-
erant flow to the evaporator under normal chiller operations. The
arrangement of a chiller functioning in the free-cooling mode is
shown in Fig. 2.39.
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valve

Figure 2.39 Arrangement of a chiller performing “free-cooling.”

2.3.13 Waterside economizer

The waterside economizer is also a form of free-cooling that can be used
in temperate climates during certain seasons to either precool or com-
pletely cool the return chilled water when the outdoor weather conditions
are favorable. The strategy can be applied to water-cooled chiller sys-
tems using cooling towers.

In this system, whenever the condenser water temperature is less
than the chilled water temperature, it uses cooling tower water to cool
return chilled water using a heat exchanger, (Fig. 2.40). Depending on
outdoor conditions and condenser water temperature, the chiller can be
completely turned off and the heat exchanger can be used to completely
cool chilled water, or the chiller can be operated at reduced load by
using the heat exchanger to precool the return water.

Cooling tower | >0

Chilled
Condenser water pump
waterpump — ,@}'

Heat exchanger Chiller

e

Load

Figure 2.40 Arrangement of a waterside economizer.
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2.4 Summary

In commercial buildings, chillers used for central air-conditioning sys-
tems are the biggest energy consumers. Therefore, significant energy
savings can be obtained by improving the energy efficiency of chiller sys-
tems. This chapter provided an introduction to principles of refrigera-
tion, refrigeration cycles, and types of chillers and how they operate.
Thereafter, a considerable number of energy management strategies,
which cover both design and operational aspects of chiller systems, were
presented and explained using the theory of refrigeration systems.
Various examples were also used to illustrate how the feasibility of
implementing the different improvement measures can be evaluated by
estimating the savings for each measure.

Review Questions

2.1. State four possible strategies to improve the efficiency of water-cooled
chillers. For each strategy, briefly describe how it will result in an improve-
ment in the chiller efficiency.

2.2. Briefly describe how variable speed drives (VSDs) can be used to reduce
the energy consumption of chilled water pumps.

2.3. A500-RT chiller operates 10 hours a day and has an operating efficiency
of 0.6 kW/RT when the chilled water supply temperature is 7°C. If the
chilled water supply temperature is increased to 8°C, estimate the kWh sav-
ings per day that can be achieved assuming the chiller efficiency improves
3 percent for every degree Celsius increase in chilled water supply tem-
perature.

2.4. The rated efficiency and cost of three 500-RT capacity chillers are as follows:

Chiller First cost Efficiency (kW/RT)
1 $300,000 0.5
2 $275,000 0.55
3 $250,000 0.65

Compute the life-cycle cost for a 10-year period for each chiller based on
the following:

Operating hours = 10 h/day and 250 days a year

Electricity tariff = $0.10/kWh

Electricity cost escalation = 2% a year
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2.5. An office building uses a 150-RT chiller at night to provide after-office
hours cooling to satisfy a load of 20 RT from 6 p.m. to 2 a.m. (8 hours). The
resulting chiller efficiency is 1.75 kW/RT.

Calculate the daily kWh savings if the after-office hours cooling can be
provided using a chilled water storage system where the chilled water can
be produced using the day chillers operating at 0.65 kW/RT.

2.6. An industrial plant, which operates 24 hours a day, is considering replac-
ing one of its 500-RT capacity chillers. Based on measurements carried out,
the average daily electrical energy consumed by the chiller is 6000 kWh.

It is proposed to replace the existing chiller with a new chiller having
the performance characteristic given in Table A.

Table A Performance Data for new Chiller

Chiller loading (RT) Chiller efficiency (kW/RT)
500 0.55
400 0.56
300 0.57
200 0.6
100 0.75

The expected cooling load profile for the new chiller is given in Table B.

Table B Expected Cooling Load Profile

Time Cooling load (RT)
12 a.m. to 6 a.m. 300
6 a.m. to 10 a.m. 400
10 a.m. to 2 p.m. 450
2 p.m. to 8 p.m. 400
8 p.m. to 12 a.m. 350

(1) Calculate the average daily energy savings (in kWh) that will result if
the existing 500-RT chiller is replaced with the new chiller (use linear
interpolation to obtain chiller efficiency data from Table A).

(1) Payback period for replacing the chiller, assuming the chiller operates
300 days a year and the cost of the new chiller is $300,000 (you may
ignore power demand savings).
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Boilers and Heating Systems

3.1 Introduction

Boilers are pressure vessels used in buildings and industrial facilities
for heating water or producing steam. They are primarily used for pro-
viding space heating for buildings in temperate climates as well as for
producing hot water and steam required by users such as laundries
and kitchens. For space heating, boilers function like chillers in central
air-conditioning systems and provide steam or hot water to different
parts of the building for heating. A typical arrangement of a boiler plant
used for heating is shown in Fig. 3.1.

Boilers are either hot water boilers or steam boilers and are able to
burn fossil fuels like oil, gas, and coal (some use electric current). Water
boilers are normally low-pressure and are used primarily for space heat-
ing and producing hot water. Steam boilers are used for space heating
as well as in other applications that require steam.

In facilities that use boilers, a large percentage of the energy (fuel) con-
sumption is accounted for by the boiler plant. As such, significant energy
savings can be achieved by optimizing boiler systems. This chapter
describes some fundamental features of boilers and steam systems, fol-
lowed by possible energy saving strategies for such systems.

3.1.1 Boiler construction

ADboiler generally consists of a combustion chamber, which can burn fuel,
in the form of solid, liquid, or gas, to produce hot combustion gases, and
a tubular heat exchanger, to transfer heat from the combustion gases
to the water.

77
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Figure 3.1 Typical arrangement of boiler plant used for space heating.

As shown in Fig. 3.2, the main inflows to a typical boiler are fuel, air,
and feedwater while the outflows are steam or hot water, exhaust flue
gases, and blowdown.

Boilers are normally classified as fire tube or water tube boilers,
depending on the flow arrangement of water and hot gases inside the
boiler. In fire tube boilers, the hot gases pass through boiler tubes that
are immersed in the water being heated, while in water tube boilers,
water is contained in the tubes that are surrounded by the hot com-
bustion gases. Typical arrangements of fire tube boilers and water tube
boilers are shown schematically in Figs. 3.3 and 3.4.

To increase the surface area available for heat transfer between the
combustion gases and water, the tubes in boilers are arranged to have
a number of passes so that the hot flue gases and water can pass through
a number of sets of tubes before being exhausted. Cutaway pictures of
the two types of boilers are shown in Figs. 3.5 and 3.6.

Boiler capacity depends on the steam generation rate and steam pres-
sure. Steam generation is usually rated in kg/h, Ib/h, or tons/h, while
steam pressure is rated in psi (pounds per square inch) or bar.

Sometimes, boiler capacity is rated in boiler horsepower (BHp), where
1 BHp is equal to 9.803 kW or 3.3457 x 10" Btu/h (3450 1b/h = 100 Hp).

Exhaust

!

Fuel —» Steam
—»

Air —»

Figure 3.2 Main inflows and out-
flows for a typical boiler.

Feedwater Blow down
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Figure 3.3 Arrangement of fire tube boilers.

3.1.2 Boiler efficiency

A typical heat balance for a boiler is shown in Fig. 3.7. As shown in the
figure, only part of the heat content of the fuel is converted into useful
heat, while the rest is lost through exhaust gases, blowdown, and radi-
ation losses. The efficiency of boilers is usually rated based on combus-
tion efficiency, thermal efficiency, and overall efficiency.

Combustion efficiency. The typical combustion process in boilers involve
burning of fuels that contain carbon (oil, gas, and coal) with oxygen to
generate heat. Oxygen required for combustion is normally taken from
air supplied to the burner of the boiler. The amount of air needed for com-
bustion depends on the type of fuel used. To ensure complete combus-
tion of fuel, more air than required (excess air) for combustion is
provided to ensure that the fuel is completely burnt. Since excess air
leads to lower boiler efficiency (due to removal of heat by the excess air
as it passes through the boiler), the objective is to ensure that the opti-
mum amount of excess air is provided.

Steam f HH Exhaust

Fuel and air
ndair | B9

Combustion

!

Feedwater

Figure 3.4 Arrangement of water tube boilers.
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Figure 3.5 Cutaway of fire tube boiler. (Courtesy of Cleaver

Brooks.)

Fifth pass
Fourth pass
Third pass
Second pass

First pass

Figure3.6 Cutaway of a commercial water tube boiler. (Courtesy of Cleaver
Brooks.)
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Figure 3.7 Typical heat balance for a boiler.

One of the most common measures of boiler efficiency is combustion
efficiency, which indicates the ability of the combustion process to burn
the fuel completely. It is normally measured by sampling the exhaust flue
gas to find the composition and temperature using a combustion analyzer.
Most good combustion analyzers are able to give a direct reading of the
combustion-efficiency based on the fuel used. If this facility is not avail-
able on the instrument used, combustion efficiency charts available for
different fuel types can be used to estimate the combustion efficiency.

Thermal efficiency. Thermal efficiency is a measure of the efficiency of
the heat exchange in the boiler. It provides an indication of how well the
heat exchanger can transfer heat from the combustion process to water
or steam in the boiler. It does not take into consideration the conduc-
tion and convection losses from the boiler.

Overall efficiency. Another measure of boiler efficiency is the overall
boiler efficiency, which is a measure of how well the boiler can convert
the heat input from the combustion process to the steam or hot water.
It is also called fuel-to-steam efficiency.

. .. Heat output
Overall boiler efficiency = 71)
Heat input

The heat input depends on the amount of fuel burnt and its calorific
value (heating value). The calorific value, normally expressed in kd/kg,
multiplied by the amount of fuel burnt in kg/s gives the heat input in
kd/s (kW).

The heat output is the difference in the heat content of the feedwa-
ter and steam (or hot water) produced multiplied by the flow rate of
water or steam. The heat content of water and steam is expressed in
kd/kg and the flow rate of water or steam is expressed in kg/s, which
yields the heat output in kW.
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The overall efficiency of a boiler is lower than the combustion effi-
ciency as it takes into account radiative and convective losses from the
boiler and other losses, such as cycle losses, due to passing of air through
the boiler during the “off” cycle.

The efficiency of a boiler can also be estimated by subtracting stack
losses, radiative losses, and convective losses from the combustion effi-
ciency. While combustion efficiency can be measured directly by using
a combustion analyzer, the stack, radiative, and convective losses can
be estimated using boiler manufacturers’ data.

Table 3.1 shows the expected radiation and convection losses for a
boiler while Tables A.1, A.2, and A.3 in Appendix A show the approxi-
mate stack losses (based on CO, concentration in flue gas and the dif-
ference in temperature between the flue gas and boiler room). If the
combustion analyzer does not provide CO, concentration, Fig. A.1 in
Appendix A can be used to convert O, values to CO, before using Tables
A.1,A.2, and A.3.

Example 3.1 Consider a 150 BHp (1471 kW) boiler operating on natural gas at
a 75 percent firing rate. The flue gas is sampled using a flue analyzer, which
shows that the flue gas temperature is 200°C and the CO, level is 5 percent.

If the boiler room temperature is 35°C, the temperature difference between the
flue gas and room temperature is 165°C (300°F).

Using the stack loss Table A.1 in Appendix A, the stack loss can be estimated
to be 22.2 percent

If the boiler operating pressure is 6.9 bar (100 psi), the radiative and convec-
tive losses can be estimated to be 0.7 percent (Table 3.1).

Therefore, the overall fuel-to-steam efficiency = 100 — (22.2 + 0.7) = 77.1 percent.

3.1.3 Auxiliary equipment

Boilers need various auxiliary equipment such as feedwater pumps,
draft fans, feedwater tanks, condensate recovery tanks, deaerators, and

TABLE 3.1 Approximate Radiation and Convection Losses for a 4-Pass Boiler Well
Insulated for High Efficiency

100-350 BHp (981-3433 kW) 400-800 BHp (3924-7848 kW)
Operating Operating Operating Operating
Firing pressure pressure pressure pressure
rate 10 psig 125 psig 10 psig 125 psig
(% of load) (69 kPa) (863 kPa) (69 kPa) (863 kPa)
25% 1.6% 1.9% 1.0% 1.2%
50% 0.7 % 1.0% 0.5% 0.6%
75% 0.5% 0.7% 0.3% 0.4%
100% 0.4% 0.5% 0.2% 0.3%

(Courtesy of Cleaver-Brooks.)
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Figure 3.8 Typical boiler plant.

water softening plants for their operation. Figure 3.8 shows a typical
arrangement of a boiler system with its main auxiliary equipment. The
fan shown is for an induced draft arrangement although the actual
operation can also be forced draft or natural draft. Some auxiliary equip-
ment such as deaerators and water treatment systems are not shown
in order to simplify the arrangement.

3.2 Energy Saving Measures for Boiler Systems

3.2.1 Improving combustion efficiency

The major loss in any boiler is due to the hot gases discharged into the
chimney. If there is a lot of excess air, the increased quantity of exhaust
gas will lead to extra flue gas losses. Similarly, insufficient air for com-
bustion results in wastage of fuel due to incomplete combustion and
reduces the heat transfer efficiency due to soot build up on heat trans-
fer surfaces.

The amount of excess air required depends on the type of fuel and,
in general, a minimum of about 10 to 15 percent excess air is required
for complete combustion. This translates to about 2 to 3 percent excess
oxygen.

Boiler combustion efficiency, which indicates the ability of the com-
bustion process to burn the fuel completely (with minimum excess air),
can be measured by sampling the exhaust flue gas to find its composi-
tion and temperature using a combustion analyzer. Most good combus-
tion analyzers are able to give a direct reading of the combustion
efficiency based on the fuel used. If this facility is not available on the
instrument used, a combustion efficiency versus oxygen (O,) concentra-
tion chart (Fig. 3.9) can be used to estimate the combustion efficiency.

The drop in combustion efficiency due to excess air is dependent
on the type of boiler and the amount of excess air. Based on the chart
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Figure 3.9 Combustion efficiency versus O, concentration. (Courtesy of
Cleaver Brooks.)

(Fig. 3.9), if the excess air is increased from 15 to 30 percent, the O, con-
centration will increase from 3 to 5 percent (as normal air contains 21
percent oxygen) and the resulting drop in efficiency will be about 1 percent.

Example 3.2 If the flue gas from a boiler contains 10 percent oxygen, the amount
of excess air can be estimated as follows:

It is necessary to imagine that there are two streams of air going into the boiler,
one for complete combustion and the other to provide excess air. Since the oxygen
in the combustion air will all be used up, only the oxygen from the excess air will
be left in the flue gas.

Therefore,

Percentage of oxygen in air X excess air flow = total flue gas flow
X percentage of oxygen in flue gas

21 percent X excess air flow = total flue gas flow X 10 percent
Total flue gas flow/excess air flow = 2.1
This shows that the total flue gas flow is double the excess air flow i.e. excess
air flow = combustion air flow (100 percent excess air).
In Fig. 3.9, if the excess air is reduced from 100 to 15 percent (O, concentra-

tion from 10 to 3 percent), the combustion efficiency is expected to increase by
about 5 to 6 percent.

For boilers operating at high excess-air levels, the combustion burner

operation needs to be tuned to adjust the air-to-fuel ratio. This can nor-
mally be achieved by adjusting the mechanical linkages that control fuel
and air flow to the burner to provide the correct ratio between the two
at different operating loads for the boiler. Ideally, an oxygen (O,) trim
system should be installed, which can continuously monitor the oxygen
level in the flue gas and automatically adjust the air-to-fuel ratio to
maximize combustion efficiency.
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The amount of excess air also increases sometimes due to excessive
draft created by the stack. If the stack is high, the natural draft created
by the buoyancy of the combustion gases can be significant. This effect
can be overcome by having a draft-control system, which consists of an
opening with a damper, installed on the exhaust duct between the boil-
ers and the stack, to automatically control the draft by opening or clos-
ing the damper.

The amount of excess air required for combustion also depends on the
type of burner. Some old burners require much more excess air for com-
plete combustion than others. Such burners can also be replaced with
low excess-air burners to improve combustion efficiency.

3.2.2 Optimizing steam pressure

Boilers have a maximum operating pressure rating, based on their con-
struction, as well as a minimum value to prevent carryover of water. The
actual operating pressure is normally set based on the requirements of
the end users, while ensuring it is within the specified maximum and
minimum values.

Since boiler efficiency depends on operating pressure, if the operat-
ing pressure is set much higher than required, energy savings can be
achieved by reducing it to match the actual requirements. Typically,
reducing boiler pressure can help improve boiler efficiency by 1 to
2 percent.

In addition to improving boiler efficiency, reducing steam pressure
helps to reduce steam leaks and wastage due to overheating in some
applications. Reducing pressure also lowers the temperature of the dis-
tribution piping, which helps to cut down on losses. Another benefit of
reducing pressure is the reduction of flash steam from vents of con-
densate recovery systems.

The heat carrying capacity (latent heat) of steam reduces with increase
in pressure. Since many applications of steam involve condensing of
steam in heat exchangers, it is best to keep the steam pressure at the
lowest acceptable value to extract the maximum latent heat from steam.

However, it should be noted that when steam pressure is reduced, the
distribution pipe sizing needs to be sufficient to transport the higher
volume of steam.

If it is not possible to reduce the pressure of the entire system, parts
of the distribution system can be operated at lower pressures by
installing pressure reducing valves at appropriate points in the distri-
bution network.

In some systems, one steam user may require steam at a much
higher pressure than the others. In such a system, if the steam usage
of the high-pressure user is relatively low, it may be better to have a
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separate steam generator (located near the user) operating at the
required higher pressure while the rest of the system can be operated
at a lower pressure.

Further, the system pressure requirements may vary at different
times. For example, during daytime a higher pressure may be required
to operate certain laundry equipment while at night a lower pressure
may be sufficient for providing only space heating. In such a situation,
it may be possible to have different set points for boilers during daytime
and nighttime operations.

3.2.3 Fuel switching

Many modern boilers are the dual-fuel type and can operate on differ-
ent fuels like fuel oil or gas. Since most of the cost of operating a boiler
plant is accounted for by fuel cost, switching between fuels based on cost
can help reduce energy cost.

The cost of fuels, such as oil and gas, can vary depending on seasonal
factors and due to other reasons. Therefore, a particular fuel may not
be the most economical to use at all times and switching between fuels
can help minimize fuel cost.

The switch over from one fuel to another can be done manually by
plant operators or automatically in some boilers. The decision on when
to switch fuel should be used based on cost can be made by comparing
the cost of fuel per unit heat content. The heat content of fuels vary
depending on factors such as their composition, but the actual heat con-
tent of a particular fuel used can normally be obtained from the fuel sup-
plier. The approximate heat content values of some typical fuels are
listed in Table 3.2.

Example 3.3 A 400-BHp boiler requires 0.12 L/s of No. 2 oil when operating at
80 percent efficiency. The same boiler requires 0.13 m”s of natural gas when
operating at the same efficiency.

If the cost of No. 2 oil is $0.30/L and the cost of natural gas is $O.18/m3, the
hourly operating cost for using No. 2 oil is 0.12 L/s X 3600 s/h X $0.30 /L = $129.60,
and the hourly operating cost for using gas = 0.13 m%s X 3600 s/h X $0.18/ m®
= $84.24. Based on this, it is cheaper to run the boiler on natural gas than on
No. 2 oil.

TABLE 3.2 Approximate Heat Content Values for Fuels

Fuel Approximate heat content (MdJ/kg)
Natural gas 55
No. 2 oil (light oil) 46
No. 4 oil (heavy oil) 45

No. 6 oil (heavy oil) 44
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Ideally, other factors such as boiler efficiency and maintenance costs need to
be factored into the cost comparison as boiler efficiency and maintenance cost may
vary depending on fuel use.

3.2.4 Optimizing operation of auxiliary equipment

Auxiliary equipment such as feedwater pumps, boiler draft fans, hot
water circulating pumps, and condensate pumps also consume an appre-
ciable amount of energy. Therefore, significant energy savings can be
achieved by ensuring that they are operated only when required and at
the capacity required to maintain system requirements.

In some installations that have additional equipment to provide extra
reliability (standby equipment) or to match certain boiler load condi-
tions, plant operators may run more equipment than required to meet
the operating load. In such situations, some auxiliary equipment can be
switched off either manually or by using automatic controls.

Generally, each boiler has its own feedwater pump, which is auto-
matically switched on and off to maintain the level of water in the boiler.
Their operation is interlocked with the boiler so that the feedwater
pump is switched off when the boiler is not in operation.

In larger systems, multiple boilers can be served by a common set of
feedwater pumps, as shown in Fig. 3.10. In such an arrangement, indi-
vidual boilers take the required water flow by opening and closing the
feedwater valves to maintain the water level in the boilers. The excess
water is returned to the feedwater tank, which results in wastage of
pumping energy.

This system can be improved to reduce the energy consumption of the
pumps by varying the capacity (speed) of the feedwater pumps, which
helps maintain a set pressure in the feedwater header pipe, as shown

Boiler Boiler Boiler Feedwater
tank
*» Feedwater *» 2@ ©
valves .
©
©
. Pumps
Return pipe

»

Figure 3.10 Feedwater pump arrangement for a multiple boiler
operation.
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Figure 3.11 Suggested feedwater pump arrangement for a mul-
tiple boiler operation.

in Fig. 3.11. A pressure-activated valve (normally closed) can be installed
on the return pipe as a safety measure, so that it opens if the pressure
exceeds a set value (which may occur due to failure of the pump control
system).

Boiler fans used to create the draft necessary for combustion and
carry the flue gases through the boiler normally operate at constant
speed and dampers are used to control the air flow to match boiler load
conditions. In such systems, when the boiler operates at part load, a
damper throttles the air flow by inducing a resistance across the path
of the air flow. As a result, the energy consumption of the fan does not
reduce proportionately to the air flow. However, if a variable speed fan
is used for this application (Fig. 3.12), due to the cube law [fan power x
(air flow rate)®], the reduction in fan energy consumption would be pro-
portional to the third power of the load. Therefore, theoretically, if the
load on the boiler reduces by 20 percent, the energy consumption of the
fan will be reduced by about 50 percent (0.8%).

The application of this energy saving measure depends on the load
profile of the boiler. If the load is highly variable and results in the
boiler operating at low loads for long periods of time, this is a good

---------------- Controller

Boiler !
pressure !
) Figure 3.12 Application of VSD
Boiler for boiler fan.

Combustion air
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TABLE 3.3 Boiler Operating Data for Example 3.4

Boiler loading Operating hours a day Fan motor power (kW)

100% 2 22
80% 4 21
60% 10 19
40% 8 16

opportunity to incorporate a variable speed drive for the forced draft or
induced draft fan of the boiler. Generally, such a retrofit is most eco-
nomical in large boilers with modulating burners.

Installation of variable speed drives for boiler fans may require con-
sultation with the boiler manufacturer to ensure that the necessary
control modifications (to keep the damper fully open while controlling
the fan speed based on load) can achieve the proper air-to-fuel ratio at
different load conditions.

The savings achievable by using a VSD for boiler fan speed control can
be estimated by recording the boiler operating load profile and the fan
power consumption, as illustrated in Example 3.4.

Example 3.4 The operating loading and associated forced-draft fan power con-
sumption of a boiler is given in Table 3.3.
If the boiler users a damper system to control the air flow rate, the energy savings
that can be achieved by installing a VSD can be estimated as shown in Table 3.4.
Based on Table 3.4, the total savings is 296.8 kWh a day. This value can be mul-
tiplied by the number of operating days a year and the electricity tariff to calcu-
late the annual cost savings.

3.2.5 Standby losses

Standby losses take place when a boiler is not firing and the hot sur-
faces inside the boiler lose heat to colder air circulating inside it. Such
air circulation can take place due to natural convection and purging.

TABLE 3.4 Estimate of Savings for Example 3.4

Operating Fan motor Fan motor Energy
Boiler hours power with power with Power savings
loading a day damper (kW) VSD (kW) saving (kW) (kWh)
A B C D=A’x22 E=C-D F=BxE

100% 2 22 22 0 0

80% 4 21 11 10 40

60% 10 19 5 14 140

40% 8 16 1.4 14.6 116.8

Total 296.8

Note: Column D is (boiler loading)® X fan power at full load which is 22 kW.
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Losses due to natural convection occur when the air in the boiler gets
heated (by the hot surfaces), making it lighter and causing it to moves
up the stack circulating cold air through the boiler. This can be avoided
if dampers are installed to prevent the circulation of air when the boiler
1s not being fired.

Purging losses take place when the boiler combustion space is purged
by the fan before firing the burners to ensure that there is only air (to
prevent possible explosions). Some burner systems also follow a purg-
ing cycle when firing stops. Losses due to purging can be reduced by min-
1imizing the on-off cycle of the burner system. This can be achieved by
using burners that have a high turndown ratio (ratio of maximum heat
output to the minimum heat output of a burner) to enable the burner
to function even at low loads without switching off the flame.

3.2.6 Minimizing conduction
and radiation losses

Boilers, auxiliary equipment, and distribution piping of steam systems
are much hotter than the surrounding areas. Therefore, they lose heat
by radiation and conduction. The amount of heat lost depends on the sur-
face temperature of the hot surface, which in turn depends on the insu-
lation (thickness, thermal conductivity, and condition). To minimize
heat loss, all hot surfaces should be insulated with material having suf-
ficient resistance to heat transfer. Further, the insulation should be of
adequate thickness and it should be in good condition.

Heat loss also depends on the area of the hot surface. Since boilers
have large surface areas, heat loss from the boiler by radiation can be
significant when operating at low loads. For a typical boiler operating
at full load, heat loss due to radiation and convection is about 2 percent
(Table 3.1 shows the losses for a boiler insulated for high efficiency).
Since the radiative and convective losses remain the same irrespective
of boiler loading, the 2 percent loss at full load can increase to 8 percent
when the boiler is operating at 25 percent load (as illustrated in
Table 3.5) for a typical boiler.

TABLE 3.5 lllustration of Radiation Losses for a Typical 200-BHp
(1962 kW) Boiler

Boiler Fuel input Radiation losses % Radiation
loading (kcal/h) (kcal/h) loss
25% 500,000 40,000 8%
50% 1,000,000 40,000 4%
75% 1,500,000 40,000 3%

100% 2,000,000 40,000 2%
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3.2.7 Preheating combustion air

In temperate climates, when boilers are used during winter to provide
space heating, the fresh air drawn in for combustion can be quite cold.
Since boilers and stacks release a considerable amount of heat into the
boiler room, some of the warm air from the boiler room can be used for
combustion. As warm air rises, resulting in stratification, the boiler air
intake can be arranged to draw air from the higher levels of the boiler
room. To make this effective, the ventilation openings at the higher levels
of the boiler room need to be closed while ensuring that minimum ven-
tilation requirements are maintained.

Typically, a 20°C increase in the temperature of combustion air can
lead to a boiler efficiency improvement of about 1 percent.

3.2.8 Optimum start controls

Boiler systems are operated by manual controls or timers to start and stop
them at fixed times. Such operations are scheduled based on routine
requirements such as preparing to meet the building’s heating require-
ments under the worst conditions, like the coldest period in the year.

Since the time taken to warm a building depends on factors like the
air temperature of the space to be heated and the outdoor temperature,
optimum-start controls, which use algorithms to predict the latest pos-
sible time to meet the system requirements based on the space tem-
perature and outdoor temperature, can be used instead of manual or
timer controls to minimize boiler operations.

Such a system would be able to start the boiler plant earlier on cold
days or on Mondays after a weekend shutdown, or later on warmer
days, while ensuring that the required space temperature is achieved
when building occupancy begins.

Since boilers and their auxiliary equipment consume large amounts
of energy to operate, minimizing their operating hours by an optimum-
start strategy can help to significantly reduce energy consumption.

3.2.9 Heat recovery from flue gas

A significant amount of heat energy is lost through flue gases as all the
heat produced by the burning fuel cannot be transferred to the water
or steam in the boiler. As the temperature of the flue gas leaving a boiler
typically ranges from 150 to 250°C, about 10 to 20 percent of the heat
energy is lost through it.

Therefore, recovering part of the heat from flue gas can help to
improve the efficiency of the boiler. Heat can be recovered from the flue
gas by passing it through a heat exchanger (commonly called an econ-
omizer) installed after the boiler, as shown in Fig. 3.13. The recovered
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heat can be used to preheat boiler feedwater, combustion air, or for
other applications. The amount of heat recovered depends on the flue
gas temperature and the temperature of the fluid to be heated.

One of the major problems associated with flue gas heat recovery is
corrosion due to acid condensation. Acid condensation takes place when
the flue gas is cooled below its acid dew point. The sulfur in the fuel com-
bines with water to form sulfuric acid which is corrosive. Therefore, the
temperature of the flue gas needs to be maintained well above the acid
dew point to prevent corrosion unless a heat recovery system specially
designed to withstand acid corrosion is used.

The acid dew point depends on the sulfur content of the fuel. Some
typical values are given in Table 3.6.

The feasibility of installing a heat recovery system for flue gas depends
on factors such as by how much the stack temperature can be reduced,
the inlet temperature of the fluid to be heated, and the operating hours
of the boiler. Generally, the possible reduction in flue gas temperature
should be at least 25 to 30°C to make it economically viable to install a
heat recovery system.

Since economizers induce extra pressure losses on the flue gas and the
liquid being heated, care should be taken to ensure that the combustion
fan and the pump for the liquid being heated have adequate capacity to
overcome these losses.

Example 3.5 A 4000 kg/h (4 ton/h) boiler using approximately 167 L/h of low
sulfur oil operates with a flue gas temperature of 190°C. Find the energy savings
possible if an economizer is installed to preheat feedwater at 90°C.

TABLE 3.6 Acid Dew point for Common Fuel Types

Acid dewpoint Allowable exit stack
Fuel temperature (°C) temperature (°C)
Natural gas 66 120
Light oil 82 135
Low sulfur oil 93 150

High sulfur oil 110 160
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For low sulfur oil, since the minimum allowable stack temperature is 150°C,
the reduction in temperature possible for the flue gas is 40°C (190-150°C).

The amount of fuel used = 1671/h = 150 kg/h (assuming the density to be
900 kg/m®).

For perfect combustion, with just enough air for complete combustion, the air-
to-fuel ratio is about 1:15 (stoichiometric mixture).

Therefore, the amount of combustion air is approximately 15 times the weight
of the fuel used. i.e. 15 X 150 = 2250 kg/h (would be slightly higher based on the
amount of excess air).

Total mass of flue gas = (2250 + 150) = 2400 kg/h = 0.67 kg/s.

Taking the specific heat capacity of flue gas to be 1.1 kd/kg.K, the amount of
heat recovered can be estimated as follows:

Heat recovered = mass flow rate X specific heat capacity
X temperature drop for flue gas
=0.67 X 1.1 X 40
= 29 kW (kd/s)
= 0.029 X 3,600 = 104.4 MdJ/hr.

If the heat content of the fuel is 40 MdJ/kg,
the reduction in fuel usage = 104.4/40 = 2.6 L/h.

The increase in the feedwater temperature can be estimated as follows:

Heat recovered = 29 kW = mass flow rate X specific heat capacity
X temperature rise for water
= (4000/3600) kg/s X 4.18 kd/kg.K X (T —90°)

From the above equation, the temperature of feedwater leaving the economizer
(T) can be computed to be 96°C (an increase of 6°C).

3.2.10 Automatic blowdown control
and heat recovery

Boiler blowdown 1s part of the water treatment process and involves
removal of sludge and solids from the boiler. Makeup water used for boil-
ers contain various impurities. As water is converted to steam, the con-
centration of the impurities that remain in the boiler increases. If this
concentration is allowed to increase, it will lead accelerated corrosion,
scaling, and fouling of the heat transfer surfaces of the boiler. Therefore,
it is necessary to remove part of the concentrated water from the boiler
and replace it with fresh water.

Boiler blowdown can be intermittent, where a fixed quantity of water
is drained periodically, or continuous, where a small amount of the
water 1s removed continuously to maintain the quality of water within
acceptable limits.

Blowdown involves discharge of water at steam temperature, which
has to be replaced by an equivalent amount of cold water. Energy losses
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resulting from blowdown can be minimized by installing automatic
blowdown systems and recovering heat from blowdown.

Automatic blowdown control systems monitor the pH and conduc-
tivity of the boiler water and allow blowdown only when required to
maintain an acceptable level of water quality. Heat recovery from blow-
down involves utilizing a heat exchanger to preheat cold makeup water
using the blowdown. Such systems are feasible for boilers that operate
most of the year using at least 5 percent of makeup water. For high-
pressure systems having steam pressures over 300 psi, flash steam
can also be recovered from the blowdown and can be used as low-pressure
steam or condensed back as part of the boiler feedwater. A typical
arrangement of a boiler blowdown system with heat recovery is shown
in Fig. 3.14.

3.2.11 Boiler operating configuration

The efficiency of boilers vary at different load conditions depending on
how well the burner system can match load variations. Burner systems
on boilers normally use single-stage, two-stage, or modulating type
burners to vary the boiler output and match load requirements.

Single-stage burners have only one output setting and vary burner output
by switching the burner on and off. This can lead to high standby losses,
as explained earlier. Two-stage burners have low-fire (about 60 percent of
maximum) and high-fire output (maximum) settings. In modulating burn-
ers, the heat output is modulated between a set of maximum and minimum
settings to match load requirements. The minimum output can be as low
as 25 percent of the maximum output for modulating burners.

Therefore, a sequencing program needs to be used for systems with mul-
tiple boilers to optimize their operation. The system should be able to min-
imize the heat input for a given steam load. For example, for a two-stage

Boiler Boiler Boiler

Flash steam
Blowdown A
\

A » Warm make up water
<+— Cold make up water
Flash vessel Heat

exchanger Discharge

Figure 3.14 Typical blowdown flash steam and heat recovery system.
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TABLE 3.7 Boiler Operation

Boiler size Boiler operating load Heat input
Boiler no. (10° kg/h) (10° kg/h) (10° keal/h)
1 100 70 47
2 100 70 51
3 50 30 24
170 122
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burner, the system should be able to decide whether to fire a boiler on its

second stage or start another boiler on the first stage when the load

increases. Similarly, if the load is 120 percent of the capacity of one boiler,
whether to operate two boilers at equal load (60 percent load each) or oper-
ate one at a higher load. To optimize in this manner, data on the operat-
ing efficiency of the boilers at different load conditions need to be available.

Example 3.6 Consider the following situation (Table 3.7) where three boilers
have to supply a load of 170,000 kg/h and each has a different operating effi-

ciency (Table 3.8).

Based on operating capacity and efficiency data for the boilers, the required
170,000 kg/h of steam can be met by operating a minimum of two boilers (boilers

1 and 2).

By trial and error, it can be found that operating boilers 1 and 2 at equal load
(85,000 kg/h each) results in the lowest fuel input (118 X 10° keal/h). Alternatively,
if boiler 1 is loaded to 100 percent and boiler 2 is operated at 70 percent load, the

resulting fuel input will be higher (118.5 X 10° keal/h).

3.2.12 Condensate recovery

In most steam systems, steam is used mainly for heating by extracting
its latent heat. The resulting condensate is at steam temperature and

TABLE 3.8 Boiler Operating Efficiency Data

Steam load Combustion Output Fuel input

Boiler no.  (10° kg/h) efficiency (%)  (10° keal/h) (10° keal/h)
100 85 66 67
1 85 86 48 56
65 84 37 44
50 81.5 28 35
100 77.5 57 73
9 85 78 48 62
65 77 37 48
50 74 28 38
50 78 28 38
3 40 78.5 24 31
30 76.5 18 24
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still contains a considerable amount of heat energy. If steam is used at
100 psi (690 kPa), then the condensate contains about 25 percent of the
heat used to produce steam and will be lost if the condensate is not
returned to the system. Therefore, returning condensate to the boiler
feedwater tank will result in significant fuel energy savings.

Since condensate 1s distilled water, it is 1deal for use as boiler feed-
water. Therefore, condensate recovery helps to reduce water consump-
tion (water cost), water treatment cost, and blowdown.

Usually, a low feedwater temperature or high makeup water flow
indicates that less condensate is recovered. If the makeup water flow is
metered, in applications that do not consume live steam (such as open
sparge coils and direct steam injection systems), the difference between
the amount of steam produced and makeup water flow will give an indi-
cation of the amount of condensate that is not recovered.

Similarly, temperature measurement of feedwater, condensate return,
and makeup water streams can also help to estimate the amount of
condensate recovered, as illustrated in Example 3.7.

Example 3.7 Consider the following situation where feedwater is provided to a
boiler at 60°C from the feedwater tank. Temperature of condensate water return-
ing to the tank is 88°C, while the temperature of makeup water is 27°C.

Make-up water 27°C and x unit

Condensate 88°C and (1—x) units 4>|_—l_'—>Feedwater 60°C and 1 unit

Heat balance is,
27x + (1 — x) 88 = 60

Therefore, x = 0.36 (36 percent makeup water or only 64 percent of condensate
is recovered).

In some applications, condensate is not recovered due to possible con-
tamination from leaking steam coils or heat exchangers, which can
cause damage to boilers. This can be prevented by first returning the
condensate from such applications to a collection tank fitted with a
sensor to detect contamination before transferring to the main conden-
sate tank. If this is not possible, for applications with large amounts of
condensate, the heat can at least be recovered using a heat exchanger.

3.2.13 Steam traps

Steam traps are used in steam systems to remove condensate and
noncondensable gases. They are mainly used in buildings for steam
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Steam header
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Figure 3.15 Application of steam traps.

heating coils and for condensate removal from steam headers, as shown
in Fig. 3.15.

There are many types of steam traps (Fig. 3.16). Steam traps are
generally classified as thermostatic, mechanical, or thermodynamic.
Thermostatic steam traps are designed to work based on the difference
in temperature of steam and condensate. They contain a bimetallic strip

Valve stem
Bimetal discs

Recess Spring washer

Seat

Dynamic clack

Bimetal steam trap Thermodynamic steam trap

Bleed hole
Inverted bucket

Float type steam trap Inverted bucket steam trap

Figure 3.16 Common types of steam traps. (Courtesy of Spirax Sarco.)
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or bellows to allow subcooled condensate to be removed while prevent-
ing live steam, which is at a higher temperature, from passing through.
While bellows-type thermostatic traps can be used for steady light loads
on low-pressure systems, bimetallic traps can be used for jacketed
piping, steam tracers, and heat transfer equipment, which can accom-
modate backup condensate.

Bucket- and float-type traps are common types of mechanical steam
traps. As the names imply, they have floating balls or buckets that oper-
ate on the buoyancy of condensate to mechanically open and close ports
in the traps to discharge only condensate. They usually have built-in air
venting features and are used for continuous and intermittent loads.
They are commonly used on steam-heat exchanger coils.

Thermodynamic traps operate based on the difference in flow char-
acteristics of steam and condensate. When air or condensate enters the
trap, a disc lifts up to allow it to be discharged. When steam enters the
trap, due to its increased velocity (higher velocity pressure), the static
pressure below the disc is reduced, which lowers the disc, closing the
trap. They are often used for condensate removal from main steam dis-
tribution pipes.

The operation of steam traps is important because if they fail to oper-
ate properly and allow live steam to pass through them from the steam
side to the condensate side, it results in obvious loss of energy. In addi-
tion, if the traps are unable to remove air at start-up times or if they are
unable to remove condensate at a sufficient rate, the resulting reduced
capacity and longer periods to heat up would also result in energy
wastage.

Over time, internal parts of steam traps wear out and result in fail-
ure to open and close properly. While an open trap would result in loss
of live steam, a closed trap could result in loss of heat transfer area and
water hammering. Water hammering can eventually result in damage
to valves and other components in steam systems, which could result
in steam leaks.

However, one of the main problems in maintaining steam traps is
identifying defective steam traps. Often, the condensate released by
traps is diverted to a condensate collecting tank, making it hard to spot
leaking traps. Further, it is sometimes hard to distinguish between leak-
ing steam and flash steam at the steam traps.

One way of identifying steam leaks from traps that are connected by
piping to condensate tanks is to install sight glasses after the traps to
facilitate visual indication of leaks. Ultrasound leak detectors can also
be used to detect leaking traps. Further, traps should be periodically
inspected and repaired or replaced to ensure that they are in good work-
ing condition. In addition, the correct type of steam trap should be
selected for each application.
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3.2.14 Steam leaks

Steam leakage occurs from pipes, flanges, valves, connections, traps, and
process equipment and can be substantial for some steam distribution
systems. The amount of steam leaking from various openings depends
on the size of the opening and the system pressure. Figure 3.17 shows
the approximate steam leak rates at different operating pressures for
various leaking-hole sizes. The figure also gives the approximate fuel
savings that can be achieved if a particular leak is eliminated based on
boiler operation of 8400 and 2000 hours a year. The fuel savings for other
annual operating hours can be estimated by interpolation.

Example 3.8 If the operating steam pressure is 600 kPa (6 bar) and the hole
size is 7.5 mm, drawing a horizontal line on the chart through the point where
the 600 KPa vertical line and the curve for the 7.5-mm hole intersect shows that
the approximate steam leak rate is 110 kg/h.

If the boiler operates on heavy fuel oil, extending the horizontal line shows that
the saving in fuel will be 70,000 L/year and 17,000 L/year, if the boiler operates 8400
and 2000 hours a year, respectively. Therefore, if the boiler operates 5000 hours a year,
by linear interpolation, the approximate annual fuel savings is 42,000 L/year.

If the cost of fuel is $0.5/L,, the annual cost savings that can be achieved by elim-
inating the leak is $21,000 (42,000 X 0.5).

Leaking Coal Heavy fuel oil Gas
Fola tonnesiyear  x 1000 litres/year x 1000 kWh/year
£ 1000 1000 | I -
%’ F12.5mm | 20 »% —100 _iggg:wm
§ Liomm  [500 | -300 | -3 000F
= 400 400 ,100 [ 50
4 300 | - 200 L2{)00—500
S 300 - 40 - 400
o A A A75mm [ i
g A0 dé ' -200 [0 L 100 % 40
3 a0l (S _ s P
= ELC =7 SO S
i — 1 E K I—% :—10 j% - 100
0 A -50 ~30 300
o 11 3mm 20 10 Lo Es [ e
A T -0 4 20 L%
20/ I 20 2 -10 3 %
A (3 2 9 tax
10 ,af + -0 |, - d
= t L Ly 1 :% - 10
5 1 o L L
3 H 2T Lo Fos |y 5
1 2 345 1014 8400 2000 8400 2000 8400 2000
Steam pressure bar (x 100 = kPa) Hoursperday  Hours peryear Hours per year

24 hour day, 7 day week, 50 week year = 8 400 hours

Steam loss through leaks & hout ey, 5 dey:weels, 60 weelt year =2 000 hours

Figure 3.17 Steam losses through leaks. (Courtesy of Spirax Sarco.)
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3.2.15 Feedwater tank

The feedwater tank is a very important part of any steam system. It pro-
vides a reservoir of returned condensate and fresh makeup water for the
boilers. The feedwater tank gives a good indication of the system’s
health. Excessive feedwater temperature may indicate that some traps
may be passing live steam, while a high makeup water flow may indi-
cate that some condensate is not being returned to the tank.

Feedwater is normally hot due to returned condensate and recovery
of heat from other sources. Therefore, the tank should be elevated to
avoid hot water being flashed off as steam at the feedwater pump inlet,
in order to prevent cavitation.

Since the feedwater tank is hot, steps should be taken to minimize
heat losses from the tank. Other than insulating the tank, since a great
amount of losses usually take place at the water surface, the top of the
tank should be covered.

3.2.16 Fouling and scaling of boiler heat
transfer surfaces

Fouling, scaling, and soot build up on heat transfer surfaces of boilers
act as insulators and lead to reduced heat transfer. This results in lower
heat transfer to the water in the boiler and higher flue gas temperature.
If at the same load conditions and same excess air setting the flue gas
temperature increases with time, this is a good indication of increased
resistance to heat transfer in the boiler. Typically, 1- to 1.5-mm soot build
up on the fire-side can increase fuel consumption by about 3 to 8 per-
cent. Similarly, for the water-side, scale build up of 1 to 1.5 mm can result
in extra fuel consumption of 4 to 9 percent.

When this occurs, the boiler heat transfer surface should be cleaned.
On the fire-side, surfaces should be cleaned of soot, while on the water-
side, scaling and fouling should be removed. For boilers using gas and
light oil, it is generally sufficient to clean fire-side surfaces once a year.
However, for boilers using heavy oil, cleaning may need to be done sev-
eral times a year.

In addition, preventive steps should also be taken. For scaling, as it
1s caused by inadequate water treatment, steps should be taken to
improve water softening and maintaining a lower total dissolved solids
(TDS) level. For soot build up, which is normally due to defective burner
or insufficient air for combustion, steps should be taken to repair or
retune the combustion system.

3.2.17 Isolating off-line boilers

Sometimes, during light-load conditions, one boiler is used to meet the
demand while other boilers are kept on standby. Such idling boilers can
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lose heat due to flow of air through the boiler into the stack. This can
be avoided by installing dampers to automatically isolate the off-line
boiler from the operational boilers and the stack.

3.2.18 Decentralized boiler systems

Usually, steam is generated by a central boiler and then distributed to
the different areas of the building complex. In the case of large cam-
puses, energy savings may be achieved by reducing distribution losses
by having a decentralized system with smaller package boilers. This also
enables the package boilers to be operated at different steam pressures,
depending on the requirements of the individual areas, and will help
lower the steam pressure.

3.2.19 Boiler replacement

Generally, the overall efficiency of boilers is similar. However, some
boilers may operate at much lower efficiency than others due to reasons
such as loading and characteristics of the burner. If a boiler is operated
at 10 to 15 percent of its capacity, radiation losses can account for a sig-
nificant percentage of the heat input from the fuel, resulting in low
boiler efficiency. In such situations, it may be financially justifiable to
replace the existing boiler with a new boiler that is sized to match the
low operating load conditions.

If on the other hand, boiler efficiency is low due to the burner cycling
on and off, due to low operating load leading to high standby losses caused
by convection and purging, replacing the burner with a modulating burner
with a high turndown ratio may help to improve boiler efficiency.

3.3 Ideal boiler system

A possible arrangement for a boiler system, incorporating some of the
important energy saving measures discussed earlier in this chapter is
shown in Fig. 3.18.

3.4 Heat Recovery Systems

Space heating and production of hot water can also be achieved using
heat recovery systems to extract heat from waste heat sources. In build-
ings, the most common sources of waste heat are condensers of air-con-
ditioning systems. In a typical air-conditioning system, the evaporator
provides useful cooling while the condenser rejects the absorbed heat
plus the heat added by the compressor to the environment. In such a
system, rather than wasting this heat energy, the heat released by the
condenser can be used for space heating or to produce hot water.
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Figure 3.18 Possible arrangement of boiler system to maximize efficiency.

In typical heat recovery systems used with air-conditioning systems,
the hot refrigerant is first passed through a heat exchanger before the
condenser to extract heat (Fig. 3.19). Some of the common heat exchanger
arrangements used are coils immersed in hot water tanks, refrigerant
coils wrapped around hot water tanks, and plate heat exchangers. Since
the refrigerant pressure is normally higher than the pressure of the
water being heated, when using immersed coils and heat exchangers,
a double-walled heat exchanger surface is needed to prevent contami-
nation of the water in the event of a refrigerant leak.

In addition to recovering waste heat from the air-conditioning system,
a heat exchanger also helps to reduce energy consumption by the con-
denser fan as most of the heat will be released in the heat recovery heat
exchanger.

Hot water Cold water

Condenser |<—|Heat exchanger

Compressor
Expansion
valve

Evaporator

Figure 3.19 Typical arrangement of a heat recovery system
coupled to an air-conditioning system.
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3.5 Hydronic Heating Systems

As described earlier in the chapter, boilers commonly provide space
heating for buildings by providing hot water from central plants, like
chiller plants used for cooling. In these systems, which are sometimes
called hydronic heating systems, hot water i1s pumped from the cen-
tral plant to terminal units that have heating coils to provide space
heating.

Energy savings achievable from such hydronic systems normally
relate to optimizing hot water pumping systems, air distribution sys-
tems, and operating strategies. The optimizing measures for heating and
cooling hydronic systems are similar and are therefore described
together in Chapter 4 (pumping systems), Chapter 6 (air distribution
systems), and Chapter 9 (building automation systems).

3.6 Summary

Boilers are used for providing space heating for buildings in temperate
climates as well as for producing hot water and steam required by other
users such as laundries and kitchens. Most boilers operate on fuel and
are generally the biggest users of fuel in buildings. Therefore, signifi-
cant savings in fuel consumption can be achieved by improving the effi-
ciency of boilers and ancillary equipment used in boiler plants. This
chapter provided an overview of boilers and how they operate. Thereafter,
potential energy saving measures, which can improve the efficiency of
boilers through operational strategies and system design, were described.
Other opportunities for improving the efficiency of boiler systems,
including optimization measures for ancillary equipment were also
described in detail.

Review Questions

3.1. The flue gas from a boiler contains 8 percent oxygen. If boiler tuning is per-
formed, the oxygen concentration in the flue gas can be reduced to 5 per-
cent. Estimate the improvement in combustion efficiency that can be
achieved by doing this.

3.2. A200-BHp (1962 kW) boiler operates on No. 2 oil at a 75 percent firing rate.
The flue gas is sampled using a flue analyzer, which shows that the flue
gas temperature is 180°C and the CO, level is 5.5 percent. If the boiler room
temperature is 38°C, estimate the overall boiler operating efficiency.

3.3. The operating load and associated forced-draft fan power consumption of
a boiler is given below.
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3.4.

3.5.

Chapter Three

Boiler loading Operating hours a day Fan motor power (kW)
80% 4 22
60% 12 18
40% 8 16

If the boiler users a damper system to control the air flow rate, and the fan
consumes 35 kW of power when the boiler operates at 100 percent load-
ing, estimate the daily energy savings that can be achieved if a VSD is
installed to control the fan capacity based on boiler load.

A boiler is operated to provide steam to calorifiers and to a laundry. Only
part of the steam is returned as condensate to the system.

Feedwater is provided to the boiler at 80°C from the feedwater tank. The
temperature of condensate water returning to the tank and that of the
makeup water are 95 and 27°C, respectively. Estimate the amount of con-
densate that is recovered in the system.

Aboiler operating on heavy fuel oil provides steam 24 hours a day to a dis-
tribution system that operates at 300 kPa pressure. If there are three
holes of approximately 3 mm each in the distribution system that are leak-
ing steam, estimate the annual fuel cost savings that can be achieved if the
leaks are eliminated. Take the fuel cost to be $0.5 a liter.
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Pumping Systems

4.1 Introduction

Various pumping systems are used in buildings. The most common sys-
tems are those used for pumping chilled water and condenser water in
central air-conditioning systems and for pumping hot water in central
heating systems. Pumping systems are also used in buildings for domes-
tic hot water and cold water supply. This chapter deals mainly with
pumping systems used in central air-conditioning and heating systems
since they account for most of the energy consumed by pumping systems
in buildings. However, some of the proposed energy management strate-
gies may also be applicable to other pumping systems.

In chilled water and hot water (heating) systems, pumps are used to
provide the primary force to distribute and circulate cold or hot water
through the coils while overcoming pressure losses caused by the dif-
ferent components in the system. Similarly, in condenser cooling sys-
tems, water is circulated between the condensers and the cooling towers.

Centrifugal pumps are the most common type of pumps used in build-
ings. Centrifugal pumps have an impeller mounted on a shaft, which is
driven by a motor and rotates in a volute or diffuser casing. In pumps
with volute casings, water from the impeller is discharged perpendicu-
lar to the shaft, while in pumps with diffuser casings (in-line pumps),
water is discharged parallel to the shaft.

Pumps are generally classified according to their installation arrange-
ment and mechanical features. The most common pumps used in build-
ings are end-suction type pumps, which are horizontally mounted with
single-suction impellers, horizontally- or vertically-split case pumps
with double-suction impellers, and vertically mounted in-line pumps.
(Figs. 4.1 and 4.2).

105
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Figure 4.1 End-suction and in-line pumps. (Courtesy of ITT Industries.)

4.2 Distribution Systems

Chilled water and heating systems are closed systems where water is
circulated in a closed loop. Condenser water systems are open systems
where static pressure is present due to height difference when the water
is sprayed in open cooling towers. Arrangements of closed and open sys-
tems are shown in Fig. 4.3.

The two main piping systems used for water circulation are direct
return and reverse return systems. As shown in Figs. 4.4 and 4.5, the
difference between direct return and reverse return systems is that in
the latter, the water leaving the individual coils is combined together
before returning to the main return header, whereas in the direct return
system water return pipes are individually connected to the main return
header.

As a result, in reverse return systems, the piping lengths between the
circulating pumps and each coil is equal. Therefore, if the coils are
selected to have the same water pressure drop, the system will be self-
balancing and will eliminate the need for balancing valves. In direct

Figure 4.2 Horizontally- and vertically-split case pumps. (Courtesy of ITT Industries.)
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Figure 4.3 Arrangement of closed and open systems.

return systems, the piping length between coils and circulating pumps
vary according to the location of the coils, with the nearest coil having
the shortest pipe length. Direct return systems, therefore, need to have
balancing valves on each branch of piping to prevent more water pass-
ing through the coils close to the circulating pump, leading to insuffi-
cient flow to the coils furthest away from the pump.

In addition to these water distribution systems, another variation, the
primary-secondary pumping system, is also sometimes used. As shown
in Fig. 4.6, a primary-secondary distribution system utilizes two sets of
pumps. The first set of pumps, the primary pumps, is used to pump
water through the chillers or boilers. The second set of pumps, the sec-
ondary pumps, is used to pump water through the coils located in the
different parts of the building. The primary and secondary pumps are
hydraulically isolated from each other by a bypass pipe called the decou-
pler pipe. The secondary distribution can be configured to be direct
return or reverse return.

The flow in the decoupler piping can be in either direction, depend-
ing on the “production” of chilled or hot water in the primary circuit and
the amount of “consumption” by the building (secondary flow). If the pri-
mary system produces more chilled or hot water than what the sec-
ondary system consumes, the flow of water in the decoupler pipe will be
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Figure 4.4 Direct-return distribution system.
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Figure 4.5 Reverse return distribution system.

from supply header to return header. On the other hand, if the second-
ary system requires more water than that produced by the primary
system, the flow of water in the decoupler pipe will be from return to
supply.

In such primary-secondary systems, hydraulic isolation allows the
secondary pumps to vary the flow (usually using variable speed drives)
with building load while maintaining a constant flow of water through
the primary circuit. The advantages of such a system will be discussed
later in the chapter.

4.3 System and Pump Curves

Pumps and pumping systems are normally rated based on the pressure
head and flow rate. The two parameters are dependent on each other
as the flow rate in a pumping system depends on the pressure head.
The pressure developed by a pump is necessary to overcome resistances
in the system, such as those due to frictional losses in piping, pressure

Secondary pumps
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Primary [ p p Control
pumps © @) ©) valves
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=

Figure 4.6 Primary-secondary pumping system.
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losses across valves, and cooling coils and static head differences in
open systems. The relationship between head losses in a system to the
system flow rate is called the system resistance curve. Typical system
curves for closed and open systems are shown in Fig. 4.7.

The difference between the two curves is that for open systems the
static pressure difference or independent pressure due to height differ-
ence is added to the system curve. The system curve is parabolic in
shape since the pressure losses in the system are proportional to the
square of the flow (AP « Flow?).

Pressure drop due to friction of a fluid flowing in a pipe is given by
the Darcy-Weisbach equation:

L V?
Ah = fBi (4.1)

where Ah = friction loss, m
f = friction factor, dimensionless
L = length of pipe, m
D = inside diameter of pipe, m
V = average velocity of fluid, m/s
g = acceleration due to gravity, 9.8 m/s>

This has the relationship (pressure « Flow?).
Further, pressure losses in fittings are also proportional to the square
of the flow and can be expressed as:

2
Ah = K (4.2)
2g

where, K = loss coefficient, depending on type of fitting, size and flow
velocity.

A A
© © System curve for
é 5 open systems
[9]
g System curve for @
o closed systems o
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pressure difference
» »
Lad »
Flow Flow

FIGURE 4.7 System curves (closed and open systems).



110 Chapter Four
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Each particular system will have its own system curve due to its
unique pipe sizing, pipe length, and fitting. The system curve will, there-
fore, change if components in the system are changed; for example, with
those having different flow resistances.

Similarly, the relationship between flow rate and pressure developed
by a pump is called a pump curve. The pump curve shows all the dif-
ferent operating points of a pump at a particular operating speed as its
discharge is throttled from zero to full flow. Since pumps can operate at
different speeds and with different impeller sizes, usually pump curves
are plotted on the same axis. Figure 4.8 shows the pump curves for a
particular pump using different impeller sizes.

Such pump curves provided by pump manufacturers usually show not
only the relationship between flow rate and pressure, but also the pump
power and operating efficiency. The pump curves can be flat or steep,
as shown in Fig. 4.9. In pumps with flat curves, large variations in flow
can be achieved with relatively less change in pressure. Therefore,
pumps with flat curves are preferred for closed systems with modulating
2-way control valves. For constant flow applications such as condenser
water systems serving cooling towers, pumps with a steep characteristic
can be used.

When a pump is selected for a particular application, a pump with a
performance curve that can intersect the system curve at the desired
operating point is selected, as shown in Fig. 4.10.

Steep curve

~

Flat curve

/

Pressure

v

Flow

Figure 4.9 Flat and steep pump characteristics.
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Figure 410 System and pump curve for a pumping system.

The power consumed by a pump is related to the product of the flow
and the pressure difference (between discharge and suction), that is,

liquid flow rate X pressure difference

Pump power « — (4.3)
efficiency
In ST units:
Pump impeller power (kW)
_ flow rate (m®s) X pressure difference (N/m?) (4.4)
1000 X efficiency '
In Imperial units:
Pump brake horsepower
_ flow rate (USgpm) X pressure difference (ft water) 4.5)

3960 X efficiency

Therefore, pumping power consumption can be lowered by reducing the
flow rate, the pressure difference, or both.

4.4 Affinity Laws

The performance of centrifugal pumps under different conditions are
related by the pump affinity laws given in Table 4.1. The pump affinity
laws relate pump speed and impeller diameter to flow, pressure devel-
oped across the pump, and brake horsepower of the pump.

Pump affinity laws are useful for estimating pump performance at dif-
ferent rotating speeds or impeller diameters, based on a pump with a
known relationship. Example 4.1 illustrates the use of pump affinity
laws.
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TABLE 4.1 Pump Affinity Laws

Change in speed (N) Change in impeller diameter (D)
x) (&)
Flow = <— = 2
@ Q= Q=
Ny \? Dy)\?
Pressure (Ap) Apy = Ap1<J> Apy = Apl(fz>
N; D,
N 3 D 3
Power (P) P, =P, <ﬁ> P, =P, <D—i>

Example 4.1 A pump delivers 120 L/s at 1400 rpm and consumes 55 kW. If the
pump speed is reduced to 1120 rpm, calculate the new flow rate and power con-
sumption.

Q; =120 L/s
P, =55 kW
N, = 1400 rpm
N, = 1120 rpm

Q, = Q, X (Ny/N)) = 120 X (1120/1400) = 96 L/s
P, = P, X (N/N,)? = 55 x (1120/1400)® = 28 kW

Example 4.1 shows that when the speed is reduced by 20 percent
(1400 rpm to 1120 rpm), theoretically, the power consumption reduces
by about 50 percent (55 kW to 28 kW). However, it should be noted that
the pressure developed by the pump also reduces to the square of the
reduction in speed.

This is the well known “cube law” (power « speed®), which is very
useful for energy savings in pumping systems, and its applications will
be described later.

4.5 Energy Saving Measures
for Pumping Systems

4.5.1 Pump sizing

Pumps are sized to take care of the design flow requirements while
overcoming the various resistances in the system. Friction losses in
piping and losses across valves and fittings are normally estimated
using specification and research data. Due to the uncertainty of these
estimated values and provision for possible changes during installation
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Figure 4.11 Over sized pump for application.

to suit site constraints, safety factors are added to the design. The safety
factor can range from a few percent to as high as 100 percent. As a
result, a pump can end up being over sized for the particular applica-
tion, as illustrated in Fig. 4.11.

Figure 4.11 illustrates a case where the system curve used at the
design stage has a high safety factor incorporated into it. The pump is
selected to intersect this design system curve at the design flow to give
the design operating point. However, since the design system curve has
a high safety factor, the actual system curve the pump experiences may
be quite different. This results in the pump operating point moving
along the pump curve to where it intersects the actual system curve,
leading to a higher than required pump flow rate.

Since the pumping power is related to the cube of the flow rate, over-
pumping by 20 percent results in 50 percent increase in pumping power
consumption. For chilled water, overpumping can also lead to increase
in the chilled water supply temperature since chillers are unable to pro-
vide chilled water at the design value when the flow rate is exceeded.
This can result in less moisture removal at the terminal units, since the
moisture removal ability of cooling coils is dependent on the coil tem-
perature.

Usually, when pumps are oversized, they are either operated to give
higher than required flow rates or a pressure loss is artificially created
in the system by adding a throttling valve. Usually, globe valves or bal-
ancing valves are used in the system to add sufficient resistance to the
system to move the actual system curve so that it intersects the pump
curve at the originally designed operating point (Fig. 4.12).

Although operationally it may be possible to tolerate these options,
they should not be accepted from an energy-efficiency point of view as
higher than required flow or pressure results in higher pumping power
consumption.
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Pressure
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Figure 4.12 Oversized pump with throttling.

In such a situation, the design flow rate can be achieved by reducing
the impeller diameter (trimming impeller) or reducing the speed of the
pump (using a variable speed drive). Variable speed drives (VSDs) are
also sometimes called variable frequency drives (VFDs) or adjustable fre-
quency drives (AFDs). They are devices that can convert the frequency
of the utility power supply and provide an adjustable output voltage and
frequency to vary the speed of motors.

The resulting energy saving due to speed reduction and impeller
diameter reduction is illustrated in Figs. 4.13 and 4.14.

The decision to reduce the speed or impeller diameter will depend on
the relative cost for the two options. Normally, reducing the pump speed
using a VSD is preferable since it can be used to vary the pump speed
and capacity if the load changes in the future. Also, reducing the impeller
diameter can result in a bigger drop in pump efficiency when compared
to the use of VSDs for reduction of speed. However, if the existing pump
is old and due for replacement, the option of replacing the pump with a
correctly-sized new pump should also be considered.

Pump curve

A - ¥ /

Design system curve

<4— Actual system curve

Pressure

Design flow

Figure 413 Energy consumed by pump that is “throttled”
to give the design flow.
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Usually, measurements of system flow rate and pressure are required
for estimating the savings potential through reducing pump speed, trim-
ming the impeller, or replacing the pump.

The simplest method of estimation is by using the pump affinity
laws, as illustrated in Example 4.2. The value of measured flow can
be used together with the operating pump speed to find the new speed
and thereby the required flow. Thereafter, the computed new speed can
be used to estimate the resulting power consumption, as illustrated
below.

Example 4.2 A pump is designed to pump 10 L/s of water when operating at
1400 rpm. Under actual operating conditions, the water flow is 15 L/s and the
pump motor consumes 15 kW. Calculate the reduction in pump power consump-
tion if the pump speed is reduced to provide the design water flow of 10 L/s.

From pump affinity laws, the pump speed can be reduced to give the design flow
as follows:

New pump speed = 1400 X (10/15) = 933 rpm
New power consumption = 15 X (10/15)° = 4.5 kW
Reduction in pump power consumption = 15— 4.5 = 10.5 kW

A better, more accurate estimate can be made if the pump curves are
available for the particular pump in use. The measured flow rate and
pressure, which is the current operating point, can be plotted on the
pump curve, as shown in Fig. 4.15. Then, the system curve can be plot-
ted assuming a parabolic relationship. On this system curve, the required
operating point can be marked by drawing a vertical line at the value
of the required flow. Manufacturers’ pump curves can then be used to
find the new pump speed or impeller diameter by interpolation, as
shown in Fig. 4.15. Once the required impeller size or speed is selected,
the manufacturer’s curves can also be used to estimate the motor power
consumption at the new operating point.
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Figure 4.15 Using pump curves to select a suitable impeller size.

4.5.2 Variable flow

The sizing of pumps is done based on a set of design conditions, and in
buildings, since their cooling or heating load varies with time, pumps
are sized to satisfy peak load conditions.

Water distribution systems use either 2-way or 3-way valves to vary
the flow of water through the coils and thereby control the amount of cool-
ing or heating performed by the coils, as shown in Figs. 4.16 and 4.17.

In systems using 2-way valves, water flow through coils is controlled
by restricting the flow directly using the valves. In systems using 3-way
valves, flow through the coils is controlled by bypassing some of the
water from the inlet of the coil to the outlet of the coil.

In systems using 3-way valves, the flow of water through the system
has to be kept constant irrespective of the load. Therefore, for example,
if the system shown in Fig. 4.17, is designed to operate two chillers at
peak load (the third chiller is kept as standby), then two chilled water
pumps need to be operated even at times when the load can be satisfied
by one chiller. This necessitates operating the second chiller when it is

NN
Aoy

Chillers QX )
o || [2] | Cooro
boilers By-pass
pipe
P P p Control
Pumps © © © valves

NN
=

Figure 4.16 Water pumping systems with 2-way valves.
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Figure 417 Water pumping systems with 3-way valves.

not required or running the second pump when the chiller is not in
operation (leading to possible rise in chilled water supply temperature).
Owing to these shortcomings, systems using 3-way valves are not pop-
ular and those with 2-way valves are generally preferred.

In variable water flow systems with terminal units having 2-way
modulating valves, reduction in cooling load causes the modulating
valves to close, resulting in reduced water flow. If the pumps are con-
stant speed pumps, this causes the pump operating point to move
along the pump performance curve by increasing the system pressure
(Fig. 4.18).

However, in such situations, if the speed of the pump can be varied,
the pump can be operated at a lower speed to provide the required flow.
Since the power consumed by pumps is directly proportional to the cube
of the speed (cube law), significant savings can be achieved if pumps are
fitted with VSDs (Fig. 4.19).

Operating point at part-load
Pump curve
4 Change in operating

\¥ A_\ point due to valve

<— Operating point at full-load

Pressure

<+—— Energy consumed

" 1 -

At part- At full-
load load

Flow

Figure 4.18 Pump operating point for system with 2-way
valves and constant speed water pumping (valve control).
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Figure 419 Pump operating point for system with 2-way valves
and variable speed pumping (pump control).

4.5.3 Primary-secondary systems

Two types of variable speed pumping systems are used for chilled water
pumping. The most common system is the primary-secondary pumping
system where two sets of pumps are used, as shown in Fig. 4.20. The
first set of pumps, or primary pumps, is used to pump water through
the chillers. The second set of pumps or secondary pumps, is used to
pump water through the building distribution system. The primary
pumps operate at constant speed and provide a fixed chilled water flow
through each chiller in operation. The secondary pumps are operated
based on the chilled water requirements of the building. The speed of
the secondary pumps are varied based on the cooling load, which is nor-
mally sensed using a differential pressure sensor located at the hydrauli-
cally furthest AHU (air handling unit). The primary and secondary
loops are hydraulically isolated using a decoupler pipe. The purpose of
the decoupler is to ensure that the primary system is not affected by flow

Secondary pumps

-~
=

Decoupler
pipe ,
Chillers | 1 2 3 ngi'l'gg
) [ [ [ Control
Primary (©) O O valves
pumps (.

Figure 420 Arrangement of primary-secondary pumping systems.
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and pressure variations in the secondary system. This enables the pri-
mary pumps to maintain a constant flow rate through the chillers
regardless of building’s cooling load.

The primary pumps circulate a fixed chilled water flow in the primary
circuit, while the secondary pumps provide sufficient flow to the cooling
coils to satisfy the cooling load. The difference in the chilled water flow
between the primary and secondary systems passes through the decou-
pler pipe. As explained earlier in chiller sequencing, the flow in the decou-
pler should be from the chilled water supply side to the return side. If the
chilled water flow in the decoupler is in the opposite direction, it indicates
that there is insufficient flow in the primary circuit and therefore an
additional primary pump (together with a chiller) needs to be operated.

Variable chilled water flow systems using primary-secondary pump-
ing are generally preferred since they are able to maintain a constant
flow of chilled water through the chillers while varying the flow of chilled
water in the distribution system. This satisfies the requirement of many
chillers for a constant flow of chilled water through the evaporator tubes
to enable stable operation (prevents safety systems shutting down
chillers to avoid tube freezing caused by sudden reduction in flow).
Constant chilled water flow also helps to maintain the heat transfer coef-
ficient in the evaporator of the chiller.

Although the speed of the primary pumps cannot be reduced at part-
load, they are generally small and are sized to pump chilled water only
through the primary chiller circuit. This enables the speed of the much
larger secondary pumps to be reduced at part load without affecting the
performance of the chillers.

Recent improvements in chiller controls have made it possible for
chillers to operate with some variation of chilled water flow through the
evaporator tubes. This has led to the use of VSDs on pumping systems
that have only primary pumps. A typical arrangement of primary pumps
with VSDs is shown in Fig. 4.21.

In contrast to primary-secondary systems, this system varies the flow
of water through the entire system, including the evaporators of the
chillers and the cooling coils. The chillers are sequenced based on the
cooling load computed using the flow rate FM and chilled water return
and chilled water supply temperature sensors, Ty and T, respectively.
Motorized valves interlocked to the chillers are used to prevent chilled
water circulation through chillers not in operation.

The VSDs of the chilled water pumps are controlled based on the dif-
ferential pressure sensor DP-2 to maintain a set differential pressure
across the furthest AHU. The motorized bypass valve is controlled using
differential pressure sensor DP-1 to maintain a minimum differential
pressure across the chillers to ensure minimum flow. If the chilled water
flow is too low, the differential pressure sensor DP-1 will sense that the
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Figure 4.21 Variable primary flow system.

pressure is below set point and will open the bypass valve, enabling some
water to by pass and circulate through the chillers. Due to this bypass-
ing of chilled water, the differential pressure sensor DP-2 will sense a drop
in pressure and will signal for the speed of the pumps to be increased. The
system should be designed to ensure that the flow is maintained within
minimum and maximum flow limits for chillers (usually 0.9-3.4 m/s).

One of the main advantages of variable primary flow systems is the
cost savings resulting from eliminating secondary distribution pumps
and their associated piping.

However, before implementing a variable primary flow system, it is
necessary to confirm that the chiller controls are able to support it and
that savings achievable is greater than for a primary-secondary system.
Example 4.3 illustrates how savings can be estimated for different
pumping systems.

Example 4.3 Consider a single building with a 500-RT peak cooling load The pump-
ing power consumed for three options (see Figs. 4.22 to 4.24); constant speed pump-
ing (base case —no VSDs), variable primary flow pumping (VSDs on primary pumps),
and primary-secondary pumping (VSD on secondary pumps) are considered.

The first option (Fig. 4.22) with constant speed pumps is where the pumping
power remains relatively constant irrespective of the building’s cooling load. The
system has 2-way valves and the pump operating point “rides” on the pump curve
(lower flow—higher pressure) at part load, as explained earlier. The same also
applies for systems with 3-way valves, where the flow rate remains constant irre-
spective of load.

If the chillers are 250 RT capacity each, only two chillers need to be operated
at peak cooling load of 500 RT. Therefore, at cooling loads up to 250 RT, only one
pump needs to be operated while two pumps are needed at other times.

If the chilled water system is designed for a AT (difference in chilled water
return and supply temperatures) of 5.6°C (10°F), the chilled water flow rate
required for each 250-RT chiller is 37.8 L/s (600 USgpm). Assuming a total system
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Figure 4.22 Option 1—constant speed pumps.

head of 210 kN/m? (70 ft. water), and pump and motor efficiencies are 80 percent
each, the theoretical pump power consumption can be calculated as follows:
From Eq. (4.5),

flow rate (m®s) X pressure difference (N/m?)
1000 X efficiency

Pump brake horsepower =

(Q X AP)

Theref P =
erefore, (1000 X m, X mm)

(4.6)

where P = pump power consumption, kW
Q = flow rate, m*/s
AP = pump head, N/m?
M, = pump efficiency
N = motor efficiency

For operating two pumps,

P = [0.0378 X 2 X 210 X 10°/[1000 X 0.8 X 0.8] = 24.8 kW

Therefore, when two chillers operate, the pumping power will be 24.8 kW.
When one pump operates, the motor power can be taken as 12.4 kW (in actual oper-
aton, it will not be exactly half).

The second option (Fig. 4.23) considers variable speed primary pumps. The
theoretical pumping power is estimated using the affinity laws. Although the
actual pump power consumption may not follow this relationship exactly due
to drop in pump efficiency at lower speeds, it is convenient to use this rela-
tionship for estimation purposes. It is also assumed that the minimum chilled
water flow required by the chillers is 50 percent (pump speed can be reduced
by 50 percent).

In option 3 (Fig. 4.24), which is a primary-secondary system, the total system
head is assumed to be made of 60 kN/* (20 ft. water) for the primary circuit and
150 kN/m? (50 ft. water) for the secondary circuit. The pump and motor efficien-
cies are taken to be 80 percent. Using Eq. (4.6), the motor power consumption for
primary pump and secondary pump, at 100 percent speed, can be computed as
follows:
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Figure 4.23 Option 2—variable primary flow.

Primary pumps

P = [0.0378 X 2 X 60 X 10%)/[1000 X 0.8 X 0.8] = 7.0 kW (2 pumps)

Secondary pumps (at full capacity)

P = [0.0378 X 2 X 150 X 10°J/[1000 X 0.8 X 0.8] = 18.0 kW (2 pumps)

Based on this, for simplicity, primary pumps and secondary pumps are assumed
to consume 3.5 kW and 9 kW each, respectively, at full load. At part load, the sec-
ondary pumps are assumed to follow the pump affinity laws for flow, head, and power
consumption. The minimum operating speed for the pumps is taken as 40 percent.

The pumping power consumed for the three options for a typical load profile is

summarized in Table 4.2.

Notes:

Option 1—Pump power for option 1 is taken as 12.4 kW for one pump and 24.8 kW

for two pumps.
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Figure 4.24 Option 3—primary secondary system.
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TABLE 4.2 Summary of Pumping Power for Options 1,2, and 3

Pumping power (kW)

kWh consumption per day

Building Daily
cooling operating
Loading load (RT) Option 1 Option 2 Primary Secondary hours Option 1 Option 2 Option 3
100% 500 24.8 24.8 7.0 18 3 74.4 74.4 75
90% 450 24.8 18.1 7.0 13 8 198.4 144.6 161.0
80% 400 24.8 12.7 7.0 9 4 99.2 50.8 64.9
70% 350 24.8 8.5 7.0 6 3 74.4 25.5 39.5
60% 300 24.8 5.4 7.0 4 3 74.4 16.1 32.7
50% 250 12.4 12.4 3.5 2 2 24.8 24.8 11.5
40% 200 12.4 6.3 3.5 1 1 12.4 6.3 4.7
Total 558 343 389
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Option 2—Pump power is taken to vary according to the cube law up to a min-
imum speed of 50 percent.

Option 3—Primary pump power is taken as 3.5 kW each (7 kW for two pumps)
and the secondary pump power consumption is taken to vary according to the cube
law up to a minimum speed of 40 percent.

Table 4.2 shows that for the particular operating pattern considered (load pro-
file and operating hours), the lowest daily power consumption is achieved for
options 2 and 3. Although option 2 has a 12 percent lower power consumption than
option 3, option 3 may still be preferred from an operational standpoint.

In a case where a single central chilled water plant supplies chilled
water to multiple buildings that have different chilled water require-
ments (different cooling loads and pressure heads), primary-secondary
systems would be more advantageous as the secondary pumps can be
sized to suit the requirements of different buildings (see Fig. 4.25).

If buildings A and B are office towers that have a higher chilled water
flow and pressure head requirement compared to building C, which is
a podium block with retail outlets, the secondary pumps for the podium
block can be sized to match the lower flow and head requirements of this
building. However, if only primary pumps are used in this situation, the
pumps have to be sized to satisfy the higher capacity requirements of
the office blocks and will end up pumping chilled water at higher than
required pressure to the podium block, wasting much pumping energy.

Since the pumping energy savings depends on factors such as the load
profile, building pressure head, and configuration of buildings, the choice
of whether the VSDs should be on primary or secondary pumps (to max-
imize savings) should depend on the actual installation. Nonetheless,

—> To building A

—> To building B

Decoupler
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— —> To building C
Chillers | 1 2 3
Primary b b b ——<— Chilled water
pumps

Return from

99 Q9 9¢

——<— Buildings A, Band C

Figure 4.25 Arrangement of a primary-secondary system to serve multiple buildings.
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from a practical point of view, it may be better to have a primary-sec-
ondary system with VSDs on secondary pumps since it would enable
higher variations in the flow without affecting the chiller performance.
However, it should be noted that when reducing the speed of pumps, the
speed should not be reduced by more than about 40 percent to ensure suf-
ficient lubrication of pump seals and cooling of the motors.

4.5.4 Reset of variable flow pump set point

Further energy savings from chilled water pumping can be achieved by
varying the differential pressure set point used for controlling the VSD
speed according to demand. In such a system, a building automation or
energy management system (BAS or EMS) can be used to monitor the
position of the control valves at the AHUs and reduce the differential
pressure set point, while ensuring that none of the valves are starved
of chilled water. A possible control strategy is shown in Fig. 4.26.

The position of all the AHU chilled water modulating valves are mon-
itored and the valve that is open most is determined. The value of valve
position is compared with limits set for adjusting the set point. For
example, if the maximum valve position is less than 70 percent open, it
indicates that the other valves are open even less than 70 percent and
therefore the pressure set point can be reduced further. Similarly, when
load conditions change, if a valve is open more than 90 percent, the set
point will be increased to prevent the cooling coil from being starved of

L 4
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pressure pressure
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Figure 4.26 Control strategy for optimizing variable speed chilled

water pumps.
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chilled water. This constant readjustment of the set point, used for con-
trolling the speed of the secondary chilled water pumps, can help to fur-
ther improve the efficiency of chilled water pumping systems.

4.5.5 Optimizing condenser cooling
systems

Asin the case of chilled water pumping systems, if the condenser water
pumps are oversized for the application and the pumps are either pro-
viding too much flow or the flow is throttled using valves, pump capac-
ity can be reduced by lowering the operating pump speed or reducing
impeller diameter. Both measures will normally result in significant sav-
ings in energy consumption.

The choice of whether to reduce the impeller diameter or reduce the
pump speed will depend on the cost for each option. Normally, reduction
in pump speed using a VSD is preferred due to flexibility in implemen-
tation. This option also results in better operating efficiency as reduc-
ing the impeller diameter can significantly effect pump efficiency.

Condenser water pumping using variable flow systems (where pump
speed is varied based on the load) does not normally yield significant
energy savings. This is because at part load, full design condenser water
flow results in a lower condenser water return temperature (when load
drops, if flow rate is the same, the AT drops, and because the condenser
water supply temperature is the same, the condenser water return tem-
perature is reduced), which results in better chiller efficiency. As shown
in Fig. 4.27, condenser water enters the condenser at temperature Tg
and leaves the condenser at temperature Ty. The condensing tempera-
ture, T, depends on the condenser approach temperature, which is the
difference between the condensing temperature and condenser water
leaving temperature (T — Ty). The condenser approach temperature
depends on heat transfer characteristics such as the thickness of the
condenser tubes and fluid velocity in the tubes. Therefore, the approach
temperature remains constant at part load, and lower condenser water
return temperature (Ty) results in lower condensing temperature (T.)
at part load.

Lower condensing temperature and pressure leads to lower com-
pressor power, as seen in the p-h diagram of an ideal refrigeration cycle
(Fig. 4.28). The energy savings made due to improvement in chiller effi-
ciency at part load normally exceeds the possible pumping savings that
can be achieved by reducing condenser water flow rate at part load.

4.5.6 Pressure drop (AP) across chillers

When water flows through the evaporator or condenser tubes of
chillers, a pressure drop results due to the flow resistance offered by
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Figure 4.27 Effect of condenser water temperature on the performance of the condenser.

the tubes. The pressure drop is dependent on the flow velocity in the
tubes, which in turn is dependent on the water flow rate and tube
cross-sectional area.

Higher pressure drop across a chiller evaporator and condenser neces-
sitates the chilled water and condenser water pumps to work against a
higher pressure difference to deliver the same flow rate. This results in
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Figure 4.28 Effect of reducing condenser water temperature.
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higher power consumption by the pump, since pumping power is directly
proportional to the flow and pressure head (kW o« Q X AP).

Usually, a pressure drop across chillers is not considered an impor-
tant criteria when selecting chillers as more emphasis is given to cri-
teria such as efficiency, cost, and brand of chiller. This some times
leads to selection of chillers with high pressure drops, which, in turn,
leads to higher energy consumption by the pumps, as shown in
Example 4.4.

Example 4.4 Consider the following two chiller options A and B.

Option A Option B
Chiller capacity 500 RT 500 RT ‘
Pressure drop across 90 kN/m* 30 kN/m?
evaporator (30 ft water) (10 ft water)
Chilled water flow rate 75.6 L/s 75.6 L/s

(1200 USgpm) (1200 USgpm)

Using the following equation, the theoretical pump power consumption to over-
come the resistance across the evaporator can be calculated as follows (assuming
efficiency of 100 percent):

Pump kW = [Flow in m%s X Pressure difference in N/m? /1000
Option A, pump kW = [0.0756 X 90,000]/1000 = 6.8 kW
Option B, pump kW = [0.0756 X 30,000]/1000 = 2.3 kW

Pump kW savings due to Option B = (6.8 — 2.3) = 4.5 kW

The same exercise can be performed to compute the extra pumping power con-
sumption due to different condensers’ pressure drops for chillers.

4.5.7 Pressure losses in pipes and fittings

When a liquid flows through a piping system, head or pressure losses
take place due to fluid friction in the piping and resistance offered to the
flow by the various devices such as valves, strainers, and bends used in
the piping system.

The friction losses depend on the pipe material, length of the piping,
fluid velocity, and properties of the fluid. Therefore, for a given fluid such
as water, the friction losses can be reduced by minimizing pipe length
and reducing flow velocity (increasing pipe diameter).

On the other hand, for a particular flow velocity, losses due to vari-
ous fittings and devices installed on piping systems depend on the design
of the device or fitting. Therefore, for a given flow velocity, different
types of valves can have different losses associated with them.
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The losses for different types of valves can be significantly different
and, therefore, one has to be careful when selecting valves for different
applications. For instance, globe type valves are commonly used as iso-
lation valves in chilled water and condenser water piping systems.
These valves have a high-pressure drop even when they are fully open
due to the change in direction the flow has to make when passing
through them. On the other hand, butterfly valves, when fully open, offer
little or no resistance to the flow. Therefore, to minimize pumping energy
consumption, valves with low resistance (when fully open), such as but-
terfly valves, should be used for flow isolation.

Further, pipe fittings such as bends, elbows, tees, and flow transition
devices should also be selected to minimize head losses in the system.

4.5.8 Condenser water systems
for package units

Some buildings use water-cooled package units to provide air-condi-
tioning. In such systems, the package units are installed in different
parts of the building to serve the different areas. Water-cooled package
units reject the heat absorbed to the condenser water in the condenser
of each unit. Such package units are normally served by a central con-
denser water system consisting of pumps, cooling towers, and a network
of piping, as shown in Fig. 4.29.

Very often, in buildings using such systems, individual package units
are scheduled to operate at different times, depending on the requirement
of each user. This can result in condenser water circulating through
package units that are not in operation if individual package units cannot
be isolated from the condenser water system. This leads to pumping of
more condenser water than necessary and wastage of pumping power.

Such situations can be avoided if on-off valves are installed on the
condenser water pipes serving each water-cooled package unit and

S Cooling L]
towers I E—
4@7 Package units

Pumps

Figure 429 Arrangement of a condenser water system
serving package units.
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Figure 4.30 Arrangement of variable flow condenser water
system.

are linked to the operation of the package units. This will enable the
condenser water flow to each unit to be automatically switched on or
off, depending on its operation. The condenser water pumps can be
fitted with variable speed drives and a control system to maintain a
minimum set pressure (P) for the condenser water system, as shown
in Fig. 4.30.

4.5.9 Efficiency of pumps

The equation for pump brake horsepower (discussed earlier) is:

Pump brake horsepower

_ flow rate (m?%s) X pressure difference (N/m?)
1000 X efficiency

The overall pumping efficiency refers to, both, the pump and motor
efficiencies, and pumping power can be expressed as follows:

b (Q X AP)
(1000 X M, X M)

where P = pump power consumption, kW
Q = flow rate, m?/s
AP = pump head, N/m*
M, = pump efficiency
Mm = motor efficiency
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Figure 4.31 Operating point for pump A.

Therefore, to minimize pumping power, the pump efficiency should
be as high as possible. This can be done be selecting suitable pumps,
which have a high efficiency (above 85 percent) at the desired operat-
ing point.

Figures 4.31 and 4.32 show two sets of pump curves for pump A and
pump B. As the figures show, both pumps are able to operate at the
desired operating point of flow rate, Q, and pressure, P. However, based
on the performance curves, pump A will operate at 90 percent while
pump B will only be able to operate at 78 percent (estimated by inter-
polation) at the desired operating point.

Pump efficiency also depends on capacity, and bigger capacity pumps
tend to be more efficient than smaller capacity ones. Therefore, it is
generally better to have a few higher capacity pumps than many
smaller capacity pumps to perform the same duty. This is the advan-
tage of having variable speed chilled water pumping systems where

85% 90%
A 75% 80% \\\ \

Pressure

Pump curves

)

o ’Required operating point
Q Flow

Figure 4.32 Operating point for pump B.
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the number of pumps does not have to be the same as the number of
chillers because pump capacity can be varied to match load require-
ments (Fig. 4.23).

Example 4.5 A pumping system requires a pump with a capacity of 80 L/s and a
head of 150 kN/m®. Calculate the savings that can be achieved in pump power if
a pump having 90 percent efficiency is used instead of a pump with 78 percent
efficiency for this application.

From Eq. (4.6),

b (Q X AP)
(1000 X M, X M)

If the motor efficiency m,, is taken as 1.0,
Saving in pump power

:(QXAP)< 1 1)

1000 \m7ge  Moov
_ (0.08 x 150 x 103)( 1 L)
1000 0.78 0.9

= 2.05 kW

4.6 Summary

Pumps are used in buildings mainly for air-conditioning and heating
systems. Pumping systems normally account for the second highest
energy consumption in buildings. This chapter covered the basics of
pumping systems, such as open and closed systems, pump character-
istics, and pump curves and system curves, followed by an overview of
the pumping systems used in buildings for air-conditioning and heat-
ing systems. Thereafter, various energy management strategies for
building chilled water, hot water and condenser water pumping systems
were described.

Review Questions

4.1. A pump delivers 200 L/s at 1200 rpm and consumes 45 kW. If the pump
speed is reduced to 1100 rpm, what will the new flow rate and power con-
sumption be?

4.2. Apump is selected to provide 20 L/s of water when operating at 1200 rpm.
Under actual operating conditions, the water flow is 35 L/s and the pump
motor consumes 25 kW. What will the reduction in pump power con-
sumption be if the pump speed is reduced to provide the design water flow
of 20 L/s?
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4.3. The condensers of two different chillers of equal capacity have pressure
drops of 80 kN/m” and 40 kN/m? respectively. If the water flow rate
required is 150 L/s, calculate the saving in pump power for the condenser
water pump if the chiller with the lower pressure drop is used instead of
the chiller with the higher pressure drop.

4.4. A pumping system requires a pump with a capacity of 40 L/s and a head
of 120 kN/m”. If a pump having 85 percent efficiency is used for this appli-
cation instead of a pump with 65 percent efficiency, what is the saving in
power required to drive the pump?
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Cooling Towers

5.1 Introduction

Cooling towers are used to reject heat from air-conditioning systems and
process-cooling systems. They reject heat into the atmosphere through
sensible and latent heat transfer. In air-conditioning systems, cooling
towers are used with water-cooled central chiller systems and water-
cooled package units. A typical application of cooling towers in central
water-cooled chiller systems is shown in Fig. 5.1.

Cooling towers generally consist of water spray systems, “fill” pack-
ing material, and fans. Spray systems are used to spread the warm
water being cooled over the fill packing, which acts as a heat transfer
medium by increasing the contact surface area. Fans are used to induce
ambient air flow through cooling towers to facilitate heat transfer
between the warm water and the ambient air.

Cooling towers reject heat mainly by evaporative cooling. When water
is sprayed in cooling towers, some of the water evaporates, absorbing
heat from the surrounding water, thereby cooling it. The amount of
latent heat transferred depends on the moisture content of the air; the
more dry the air (lower the wet-bulb temperature), the more latent heat
that will be transferred. In addition, sensible cooling also takes place
between the warmer water and colder air. The amount of sensible cool-
ing depends on the dry-bulb temperature of air. Therefore, the amount
of heat rejected from cooling towers depends on, both, the dry-bulb and
wet-bulb temperatures of the outdoor air.

Cooling towers used for building applications are normally of the
counterflow or crossflow type. Counterflow cooling towers have square
or round cross sections and take air from the sides. Crossflow cooling

135
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Cooling coils

Cooling
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Condenser water pumps  Chilled water pumps

Figure 5.1 Central chiller system with cooling towers.

towers have rectangular cross sections and take air only from the two
long sides. The air flow in cooling towers can be either induced draft,
where fans pull air out of cooling towers, or forced draft, where fans force
air into cooling towers. Cooling towers can be forced-draft counterflow
(Fig. 5.2), induced-draft counterflow (Fig. 5.3), forced-draft crossflow
(Fig. 5.4), or induced-draft crossflow (Fig. 5.5).

Cooling towers are manufactured in different sizes and capacities to
match various cooling requirements. They are selected for a particular
application based on the entering temperature of the warm water to be
cooled, leaving temperature to which the water needs to be cooled, the
flow rate of the water, and the wet-bulb and dry-bulb temperatures of
the ambient air.

Cooling towers used in central air-conditioning systems are commonly
sized to receive water at 35°C (95°F) and provide water to the chillers

T Air discharge

VYV VY Ye— Wam water spray

Zi4— Fill material

Fan

\@ Eﬁ Air flow

l Cold water out

Figure 5.2 Arrangement of forced-draft counterflow cooling
tower.
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Figure 5.3 Arrangement of induced-
draft counterflow cooling tower.

at 29.4°C (85°F). This difference between return and supply tempera-
tures of water is called the “range.” Since cooling tower performance
depends on the wet-bulb temperature of air, they are normally selected
to operate at a specific “approach” temperature, which is the difference
between the temperature of water leaving the cooling tower and the wet-
bulb temperature of the air.

Theoretically, cooling towers are able to cool water to the wet-bulb
temperature of the air. However, this would require a very large cool-
ing tower surface area. Therefore, cooling towers are normally designed
to economically cool water to an approach temperature of about
2.8°C (5°F).

Air
Warm gischarge
water

—— Fill material

Fan

@&

Figure 5.4 Arrangement of forced- draft crossflow cooling
tower.

Cold water out
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Figure 5.5 Arrangement of induced-draft crossflow cooling tower.

5.2 Energy Saving Measures for Cooling Towers

5.2.1 Cooling tower sizing

Cooling towers in central air-conditioning systems need to reject not only
the heat removed from the air-conditioned space but also the heat added
by the compressors of chillers. The heat of compression added by a com-
pressor depends on the efficiency of the chiller, and is usually about
25 percent of the cooling load. Therefore, cooling towers need to be sized
to reject approximately 125 percent of the chiller cooling capacity.

Sizing of cooling towers is important to ensure that chiller efficiency
is optimized. If the cooling towers are undersized for the chillers, the con-
denser water supply temperature will rise and chiller efficiency will be
reduced. Similarly, if the condenser water temperature from the cool-
ing towers can be lowered, chiller efficiency can be improved.

Cooling towers are theoretically able to produce condenser water at
the wet-bulb temperature of air. However, to achieve this, it is necessary
to have cooling towers with higher surface area and air flow. Although
such a design will lead to better chiller efficiency (due to lower con-
denser water temperature), it will also result in higher capital cost and
operating cost as extra cooling towers need to be used.

Also, for the same cooling load, if the cooling tower surface area is
increased (oversized cooling tower is used), the air flow can be reduced,
leading to lower cooling tower fan power but higher first cost for the cool-
ing towers. Therefore, the sizing of cooling towers is a compromise
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between the initial capital cost of the cooling towers and the running cost
of the chillers and cooling towers.

The selection of cooling towers should be based on the condenser water
supply and return temperature requirements of the chiller and the design
conditions for outdoor wet-bulb temperature for the region. The most
common design conditions are condenser water return from chillers at
35°C (95°F), condenser water supply to the chiller at 29.4°C (85°F), and
wet-bulb temperature of 26.7°C (80°F). Often cooling tower suppliers rate
cooling tower capacities at different operating conditions. If the cooling
tower capacity is rated at a wet-bulb temperature higher than what the
cooling tower is going to experience, the resulting capacity of the cooling
tower will be lower than the rated value during operation. Therefore, in
such situations, the rated capacity of the cooling tower needs to be “der-
ated” to account for different operating conditions. As a rule of thumb, cool-
ing towers with “nominal capacity” (cooling tower rated capacity) of
1.5 times the chiller’s maximum rated capacity are used.

5.2.2 Capacity control

The operation of cooling towers is usually interlocked with that of
chillers so that when chillers are switched on or off, based on the cool-
ing load, the operation of cooling towers also follows suit. In climates
with low ambient temperatures, condenser water supplied to the chillers
has to be maintained above the minimum temperature required by
chillers.

In such situations, a bypass valve is used in the condenser water cir-
cuit to enable some condenser water to bypass the cooling towers, as
shown in Fig. 5.6. A control system is used to sense the temperature of
condenser water entering the chillers and maintain it by varying the
flow of condenser water to the cooling towers. However, such control sys-
tems are not required in climates where ambient conditions do not
result in low condenser water temperature.

The capacity of cooling towers is dependent on the air flow through
them. Therefore, when the chillers operate at part load (when cooling load
is low), the amount of heat to be rejected at the cooling towers is also low.
Under such operating conditions it is not necessary to run the cooling
towers at full capacity. The cooling tower capacity can be reduced by reduc-
ing the air flow, which would result in lower fan energy consumption.

One way of achieving this is by cooling tower fan cycling, where some
fans are switched on or off to control condenser water temperature.
This, however, can result in a swing in condenser water temperature and
can cause premature wear and tear of motor drives.

A better way is to use variable speed drives (VSDs) to control cool-
ing tower fan speed. As shown in Fig. 5.7, the speed of the cooling tower
fans in operation can be modulated to maintain a set temperature.
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Figure 5.6 Cooling tower water flow control.

Colling Colling Colling
tower 1 tower 2 tower 3

f
———————————

—
I
I
I
I
I
I
I

Condenser water
supply to chillers

-~ Condenser water
return from
chillers

Figure 5.7 Cooling towers with variable speed fans.
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The easiest control strategy is to maintain the condenser water supply
temperature at the design value. Therefore, for a system designed to
provide condenser water at 29.4°C (85°F), the control system can be used
to provide condenser water at this set value by modulating the cooling
tower fan speed. However, it should be noted that in cooling towers where
the warm water distribution system is driven by the fan motor, reduc-
ing fan speed can lead to poor water distribution. In such cases, if VSDs
are used to control fan speed, it is recommended to set a minimum speed.

Since, theoretically, the power consumed by fans is proportional to the
cube of the fan speed, when the cooling load drops to 80 percent, the
speed of the cooling tower fans can also be reduced accordingly, result-
ing in a drop of about 50 percent (0.8° = 0.51) in power consumption.
Therefore, this control strategy can lead to very significant savings from
cooling tower fans at part load. Use of VSDs to control cooling tower
capacity, rather than fan staging, also leads to reduction in the wear and
tear of the drives due to lower fan speed and less drift losses (water
losses) due to lower air velocity.

Example 5.1 Consider a cooling tower of capacity 500 RT that has a 15 kW fan
(constant speed) and is designed to cool water from 35 to 30°C.

If, under normal operating conditions, the temperature of the warm water
entering the cooling tower is at 32°C, this indicates that the load on the cooling
tower is only 40 percent (2°C divided by 5°C).

Therefore, if a variable speed drive is installed on this cooling tower, the fan
will operate at approximately 40 percent of its speed to maintain the required leav-
ing water temperature of 30°C.

The theoretical fan power consumption will be (0.4)* X 15 = 1 kW

Saving in power consumption will be (15 — 1) = 14 kW

Figure 5.8 shows the relationship between cooling tower efficiency in
kW/RT (fan power divided by amount of heat rejection) for three possible
fan operating strategies—constant speed fan (without fan cycling), fan
cycling, and using VSD.

Cooling tower performance also depends on the ambient wet-bulb tem-
perature. When the wet-bulb temperature drops from the design value
during nighttime or during different seasons of the year, the cooling
towers are able to economically provide water at a lower temperature,
while maintaining a fixed approach temperature. Since chiller efficiency
depends on condenser water temperature, this can lead to better effi-
ciency of the chillers. Therefore, a further enhanced control strategy can
be used for cooling tower fan speed control, as shown in Fig. 5.9. In this
system, the cooling tower approach temperature (difference in condenser
water supply and wet-bulb temperature) can be used instead of con-
denser water supply temperature to control the tower fan speed and fur-
ther optimize the cooling tower and chiller energy consumption.
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Since cooling tower capacity depends on air flow, operating two iden-
tical towers at half the fan speed will result in capacity that is equiva-
lent to operating one tower at full speed. Since, theoretically, the power
consumption of the fans is proportional to the cube of their speed; the
power consumption of each tower fan will drop to 12.5 percent (0.5 = 0.125)
at half the speed. This will result in a combined power consumption of
25 percent (12.5 percent X 2), which is a saving of 75 percent of the fan
power consumed if only one cooling tower is operated. Therefore, oper-
ating more cooling towers in parallel to meet the same load will allow
lower fan speed, leading to lower fan power consumption. An additional
benefit of running more cooling towers is that lower pumping power is
required due to lower pressure losses across the cooling tower spray noz-
zles (due to lower water flow through each tower).

Almost all installations have one or more extra cooling towers as
standby to allow servicing and repair of running cooling towers.
Therefore, if the standby towers are run in parallel with the duty cool-
ing towers and if all cooling tower fans are fitted with VSDs, they can
be run at lower speed to produce the same amount of heat dissipation.

Example 5.2 A particular installation has three cooling towers (each of 22 kW),
of which only two cooling towers are operated and the third cooling tower acts as
a standby tower. If all three cooling towers can be run at two-third capacity each
(three towers running at two-third capacity will provide the equivalent capacity
of two towers), the saving made in fan power can be estimated as follows:

The fan power consumption of each tower will be 22 X (2/3)° = 6.5 kW (30 per-
cent of full load power).

The total power consumption of all three fans will be 6.5 X 3 = 19.5 kW.

Therefore, total savings will be (44 — 19.5) = 24.5 kW.

The above savings estimation is based on the system operating at the full load
capacity of two cooling towers. Further savings will also be achieved at part-load
conditions, as shown in Table 5.1.

TABLE 5.1 Energy Savings from Cooling Towers Fitted with Variable Speed Drives

Without VSDs With VSDs
Cooling No. Total fan No. Fan Total fan Savings/

load of power of speed power Operating day

(RT) towers (kW) towers (%) (kW) hours (%) (kWh)

1000 2 44 3 0.67 19.6 10% 58.7
900 2 44 3 0.60 14.3 30% 214.2
800 2 44 3 0.53 10.0 20% 163.1
700 2 44 3 0.47 6.7 10% 89.5
600 2 44 3 0.40 4.2 10% 95.5
500 1 22 2 0.50 5.5 10% 39.6
400 1 22 2 0.40 4.4 5% 21.1
300 1 22 2 0.40 4.4 5% 21.1

Total 702.8




144 Chapter Five

In Table 5.1, the fan power consumption to satisfy a particular cooling load is com-
puted for the two cases; with and without VSDs. In case of using VSDs, it is assumed
that additional cooling towers are operated to enable operation of fans at lower speed
and that the minimum speed of the cooling tower fans is set at 40 percent.

For example, when the load is 800 RT, if the fans are equipped with VSDs, they
can be operated at 80 percent of the speed (800/1000 = 80 percent). Now, if an
additional cooling tower can be operated, this load can be shared by three cooling
towers instead of two (each running at two-thirds capacity) and the fan speed will
be (80 percent X 2/3 = 53.3 percent). The fan kW is computed by multiplying the
cube of speed by number of fans and fan kW at full speed (0.5333 X 22 kW X 3
towers = 10 kW). In this estimation, it is assumed that the efficiency of the fan,
motor, and VSD remain constant.

This computation shows that energy savings of 702.8 kWh a day can be achieved
for this installation if the cooling tower fans are fitted with VSDs.

5.2.3 Condenser water reset

As explained earlier, in Chapter 2, the operating efficiency of chillers can
also be improved by reducing the condenser water temperature. An
improvement of 1 to 2 percent can be achieved in chiller efficiency by
reducing the condenser water temperature by 0.6°C (1°F) due to the
reduction in pressure differential across which the compressor has to
work (Fig. 5.10).

Cooling towers are designed to cool condenser water to within a few
degrees of the wet-bulb temperature. The most common cooling tower
design is for a “cooling tower approach temperature” (temperature differ-
ence between condenser water supply temperature and wet-bulb temper-
ature) of 2.8°C (5°F). However, under some operating conditions, such as
at part load, cooling towers are able to supply condenser water at lower
than the designed approach temperature. Since cooling towers are
designed to operate at a certain approach temperature, operating them at
a lower than the design value can result in reduction of tower efficiency.

Therefore, in installations where the condenser water temperature is
not controlled, the condenser water temperature will drop under such
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Figure 5.10 Effect of reducing condenser water temperature on chiller efficiency.
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Figure 5.11 Effect of condenser water temperature on chiller and
cooling tower efficiency.

off-design conditions, leading to improvement in chiller efficiency. However,
this may not be the optimum operating point since the improvement in
chiller efficiency may be at the expense of reduced cooling tower efficiency.

Figure 5.11 shows the variation in chiller and cooling tower efficien-
cies with condenser water temperature. Generally, lower condenser
water temperature results in improved chiller efficiency and a drop in
cooling tower efficiency (due to the need for working the towers “harder”
or operating extra towers to produce condenser water at a lower tem-
perature). Therefore, the overall optimum operating point for a system
may not be at the lowest condenser water temperature.

This optimum operating point will vary from one site to another,
depending on system design, equipment efficiencies, and configuration.
If accurate performance data is not conveniently available for a system,
it may be easier to use the control strategy described earlier, where
variable speed drives on cooling tower fans are used to maintain a fixed
approach temperature.

5.2.4 Condenser water flow rate

Another important aspect of condenser water systems is the water flow
rate. As explained earlier, it is essential to provide sufficient condenser
water flow to ensure that the heat rejected in the condenser can be dis-
sipated outdoors. The most common design is for a condenser water
“range” (difference between condenser water return and supply tem-
peratures) of 5.6°C (10°F). At this design condition, it is necessary to pro-
vide 0.19 L/s per RT of cooling capacity (3 USgpm per RT). This required
condenser water flow rate is 1.25 times the flow required for chilled
water (0.15 L/s or 2.4 USgpm per RT) to account for the heat of com-
pression added by the compressor, which is approximately 25 percent
of the cooling load. If sufficient flow is not provided, it will lead to higher
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condenser water return temperature, leading to higher condensing pres-
sure and, therefore, higher compressor power.

It is better to provide the designed condenser water flow rate even at
part load since this results in lower condenser water return tempera-
ture and, therefore, better chiller efficiency. However, it has to be
ensured that the designed condenser water flow rate is not exceeded.
Firstly, it will ensure that pumping energy is not wasted, and secondly,
it will ensure that the cooling towers are able to perform satisfactorily.
If the cooling towers are supplied with higher than the designed flow
rate (sometimes this happens when water flow to the cooling towers is
not balanced and some towers get more flow than others), the cooling
towers will be unable to provide water at the designed temperature. This
will lead to higher condenser water temperature and result in lower
chiller efficiency.

Hence, it 1s essential to have the correct condenser water flow. If the
flow is insufficient, the condenser water return temperature will rise,
leading to lower chiller efficiency. Similarly, if the condenser water flow
1s more than that specified for the cooling towers, it will lead to a higher
condenser water supply temperature, which too will result in a drop in
chiller efficiency.

5.2.5 Installation of cooling towers

Since the performance of cooling towers depend on the air flow through
them, cooling towers should be installed such that air can flow freely into
them. As shown in Fig. 5.12, cooling towers should be sufficiently spaced
so that the air intakes of cooling towers are not too close to each other.
Further, cooling tower air intakes should not be less than a minimum
distance from obstructions such as walls. The minimum distance to be
maintained between cooling towers and from obstructions are normally
specified by the cooling tower suppliers, based on the design of their
towers.

Care should also be taken to ensure that the warm and moist air
being discharged from cooling towers is not recirculated back into the

Minimum Minimum
(=) distance =< | distance to
between wall or
towers obstruction
4+ —> 4+“—>

Figure 5.12 Spacing of cooling towers.
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air intakes as this will lead to a drop in tower performance. In some sit-
uations, an extension duct can be fitted to the cooling tower discharge
to direct the air flow away from the air intakes, as shown in Fig. 5.13.

5.2.6 Condition of cooling tower

The ability of a cooling tower to provide its designed cooling capacity
depends on the operation of the water spray system, the fill, and the fan.
Therefore, regular maintenance should ensure that the water spray
system 1is able to properly spread the water flow, the fill is in good con-
dition, and the fan is able to operate at the required speed.

If the spray system is defective, warm water may flow directly into
the discharge basin of the cooling tower rather than being sprayed onto
the fill material that is meant to facilitate the heat transfer between the
warm water and the ambient air. Similarly, if the infill is damaged or
blocked, water will flow directly into the discharge basin rather than
flowing through it, as shown in Fig. 5.14.

Warm water spray Warm water spray

<4—

C===D

Part of the
water
flowing
directly into
discharge

Figure 5.14 Water flow in defective cooling towers.
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Since many cooling tower fans use belt drive systems, the tension of
the belts should also be checked to prevent belt slippage, which would
result in lower fan speed and a drop in cooling tower performance.

All the above aspects, such as ineffective spray systems, damaged fill
material, and low fan speed can lead to poor cooling tower performance,
which normally results in cooling towers not being able to provide water
at the designed temperature. In chiller systems, this will lead to lower
chiller efficiency and higher energy consumption.

5.2.7 Water treatment

Another aspect of chiller efficiency, related to cooling towers, is the con-
dition of the condenser water. Since condenser water systems are open
systems that require makeup water (to compensate for water evaporated
in the cooling towers), water treatment is important to maintain chiller
efficiency. Water treatment usually consists of chemical or nonchemical
treatment to prevent scaling, corrosion, and fouling of the chiller’s con-
denser tubes. If water treatment is not adequate, fouling and scaling of
chiller condenser tubes leads to lowering of chiller efficiency, as
explained in Chapter 2.

5.2.8 Free cooling

Vapor migration. Cooling towers and condenser water pumps can be
used to provide “free cooling” in temperate climates during certain sea-
sons, as seen in Chapter 2. One way to achieve this is by switching off
the chiller compressor and allowing vapor to migrate from the evapo-
rator to the condenser when the condenser water is at a sufficiently low
temperature to allow condensation of the vapor without having to raise
its pressure.

Using a heat exchanger. Another approach is to use water from the
cooling towers to either precool or completely cool the return chilled
water when the outdoor weather conditions are favorable, as shown
in Fig. 5.15. In this system, whenever the condenser water tempera-
ture is less than the chilled water temperature, the cooling tower
water is used to cool the return chilled water with the help of a heat
exchanger. Depending on outdoor conditions and condenser water
temperature, the chiller can be turned off completely and the heat
exchanger can be used to completely cool the chilled water, or the
chiller can be operated at reduced load by using the heat exchanger
to precool the return water.

Switching off cooling tower fans. In some installations, which have a
large number of cooling towers to meet daytime peak cooling loads, if
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Figure 5.15 Arrangement of free cooling using a cooling tower.

the off-peak (nighttime) cooling load is very low and only a few cooling
towers are operated at such times, it may be possible to achieve the
required heat rejection by switching off all the cooling tower fans and
circulating water through them. This is possible because, although the
capacity of cooling towers is proportional to the air flow, they can pro-
vide some cooling even when the fans are switched off. Figure 5.16
shows a typical relationship between fan air flow and cooling tower
capacity.

As shown in Fig. 5.16, a typical cooling tower can provide about 5 per-
cent of the design capacity when the tower fan is switched off. Therefore,
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Figure 5.16 Typical relationship between cooling tower air flow and capacity.
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if an installation has five cooling towers of 500-RT heat rejection capac-
ity each, they will be able to provide about 125 RT of free cooling (5 X
500 X 0.05 = 125).

5.3 Summary

Cooling towers are used in buildings mainly for providing the heat rejec-
tion requirements of air-conditioning systems. Although cooling towers
themselves do not consume much energy in building applications, their
performance is important as they can have a significant impact on the
operating efficiency of air-conditioning chillers. The chapter provided an
overview of cooling towers and their application in buildings followed
by a number of energy saving strategies to ensure optimum efficiency
of air-conditioning systems in buildings.

Review Questions

5.1. A cooling tower is designed to cool 50 L/s of water from 35°C to 30°C at an
ambient wet-bulb temperature of 28.5°C.
However, under the following actual operating conditions, the temperature
of water leaving the cooling tower is 32°C. What are the possible reasons
for the higher than designed cooling tower water temperature and what
remedial action can be taken for each of the possible causes?

Actual operating conditions are:
Water flow rate = 48 Li/s
Entering water temperature = 34°C

Wet-bulb temperature of air entering the cooling tower = 28°C

5.2. Acooling tower is unable to provide the rated heat rejection capacity when
operating at the designed water flow rate, entering water temperature, and
ambient wet-bulb temperature. However, it was observed that the wet-bulb
and dry-bulb temperatures of air entering the cooling tower were much
higher than the ambient wet-bulb and dry-bulb temperatures. Why is the
cooling tower not able to provide its rated capacity?

5.3. Acooling tower of capacity 250 RT uses a constant speed fan that consumes
15 kW. If, under actual operating conditions, the load on the cooling tower
is only 60 percent of its rated capacity, estimate the savings that can be
achieved in fan power if a variable speed drive is installed to operate the
fan at 60 percent of its rated speed.

5.4. A particular installation has two cooling towers (each of 15 kW), of which
only one cooling tower needs to be operated and the remaining one acts as
a standby. Estimate the fan power savings that can be achieved if variable
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speed drives are installed on both cooling towers and both towers are oper-
ated at 50 percent capacity to provide the approximate heat rejection capacity
of one cooling tower.

5.5. Acooling tower installation has three 500 RT and two 200 RT capacity cool-
ing towers. If these cooling towers are able to provide up to 5 percent of their
capacity when the fans are switched off (free cooling), estimate the maxi-
mum total heat rejection capacity that that these cooling towers are able
to provide under free cooling conditions with the fans switched off.



Chapter

Air Handling and
Distribution Systems

6.1 Introduction

In buildings that are centrally cooled or heated, air is normally treated
in air handling units (AHUs) to control moisture content and tempera-
ture. Once the air is treated, it is transported and distributed to vari-
ous parts of the building. A typical air distribution system consists of
fans, ducting, dampers, filters, air inlets, and air outlets, as shown
schematically in Fig. 6.1.

In such systems, a mixture of outdoor air (provided for ventilation)
and part of the air returning from conditioned spaces (return air) is fil-
tered and then treated by the coils. Thereafter, the fan transports the
treated air through the supply ducting system, which distributes it in
required quantities to the spaces to be conditioned via outlets and
dampers. After performing the necessary cooling or heating, air is later
returned from the conditioned spaces through the inlets and return
ducting. Some of the return air is then recirculated back to the AHU
while the balance is expelled to allow sufficient fresh air to be added
to the system.

In an air distribution system, the fan provides the necessary energy
to move the air by overcoming frictional losses in the ducting and pres-
sure losses due to components in the system, such as filters, coils, and
various fittings. The electrical energy required to operate the system
can be minimized if the system design is optimized to reduce these
losses.

153
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Figure 6.1 Typical air distribution system.

6.2 System Losses

When airflows in ducting systems, there is pressure drop due to friction
losses and dynamic losses caused by change of direction or velocity in
ducts and fittings.

Friction losses are due to fluid viscous effects and can be expressed
by means of D’Arcy’s equation:

f-L-v?

APf = ———
f 2-g-Dy,

(6.1)

where AP; = frictional pressure drop
f = friction factor
L = length of duct
v = mean duct velocity
g = acceleration due to gravity

cross-sectional area

D,, = hydraulic mean diameter = :
perimeter

Dynamic losses occur due to change in flow direction caused by fittings
such as elbows, bends, and tees and changes in area or velocity caused
by fittings like diverging sections, contracting sections, openings, and
dampers.

Normally, dynamic pressure losses (Apgy) are proportional to the veloc-
ity pressure and can be expressed as

APy = C, P, (6.2)
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where C, = dynamic loss coefficient dependent on the geometry of the
particular fitting,
P, = velocity pressure (1/2 pV2, p is the density of air).

The value of C, is measured experimentally and is tabulated in ref-
erence books such as the ASHRAE Handbook of Fundamentals.

6.3 System Curves and Fan Performance

The two main types of fans used for transporting air are centrifugal fans
and axial-flow fans. Centrifugal fans are also divided into a number of
types such as backward-curved, forward-curved, radial blade, and tubu-
lar centrifugal. Out of these, forward-curved and backward-curved fans
are the most commonly used in air distribution systems (Fig. 6.2).

Forward-curved centrifugal fans generally operate at relatively low
speeds and are used for transporting high volumes at low static pressure.
These fans are lower in cost and are preferred to backward-curved fans
in applications where high static pressures are not encountered. However,
the main disadvantage of these fans is that they have an “overloading”
characteristic that results in the power consumption curve having a pos-
itive slope until 100 percent airflow, as compared to backward-curved
fans, which have maximum power consumption at about 80 percent of
flow. Since backward-curved fans are more costly, they are generally
used for high static pressure applications while axial flow fans are used
to transport high volumes of air at low or no static pressure drops.

Fans and fan systems are normally rated based on pressure and flow
rate. The two parameters are dependent on each other as the airflow rate
produced by a fan depends on the system pressure (the pressure against
which it needs to work).

The system resistance of a ducting system is the total sum of all pres-
sure losses encountered in the system due to coils, filters, ducting,
dampers, and diffusers. The system curve is a plot of the system resist-
ance encountered at different volumes of airflow, as shown in Fig. 6.3.
The system resistance varies to the square of the airflow, and the curve
is parabolic in shape.

Figure 6.2 Backward- and forward-
Forward curved fan Backward curved fan curved centrifugal fans.
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»
»

System curve

Pressure losses

Figure 6.3 Typical system curve
for an air distribution system.

v

Air flow

Similarly, the relationship between the flow and pressure developed
by a fan is called a fan curve. A fan curve shows all the different oper-
ating points of a fan at a particular operating speed as its discharge is
throttled from zero to full flow. Since fans can operate at different speeds
and with different impeller sizes, usually fan curves for different fan
speeds and impeller sizes are plotted on the same axis. Figure 6.4 shows
a typical fan curve for a fan operating at a particular speed and impeller
size.

The actual shape of the fan curve depends on the type of fan used. The
performance of some fans, such as axial-flow fans, also depends on the blade
angle, which can be adjustable. For such fans, manufacturers provide a
“family of curves” showing fan performance at different blade settings. Fan
curves also include data such as the fan power required and operating effi-
ciency at the different operating conditions, as shown in Fig. 6.5.

The system operating point is the point on the system resistance
curve that corresponds to the required airflow condition. When a fan is
selected for a particular application, a fan that has a performance curve
that can intersect the system curve at the desired operating point is
selected, as shown in Fig. 6.6.

As in the case of pumps, power consumed by fans is related to the prod-
uct of the volume flow and pressure developed.

air flow rate X pressure developed

Fan impeller power =« (6.3)

efficiency

Typical fan
curve

Pressure

Figure 6.4 Typical fan curve.

\4

Volume flow rate
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»

Volume flow
Figure 6.5 Typical fan curves provided by manufacturers.

In SI units:

Fan impeller power (kW)

_ flow rate (m®s) X pressure developed (N/m?or Pa)

— 6.4
1000 X efficiency ©6.4)
In Imperial units:
Fan brake horsepower
_ flow rate (cfm) X pressure difference (in.water) ©6.5)

6350 X efficiency

Therefore, fan power consumption can be lowered by reducing the airflow
rate, the pressure losses, or both, and will form the basis of some of the
energy management measures for fan systems that are discussed later.

6.4 Affinity Laws

The performance of fans under different conditions are related by the fan
affinity laws given in Table 6.1. The fan laws relate fan speed and impeller
diameter to airflow, pressure developed by the fan, and impeller power.

A / Fan curve

\

Operating point

Pressure

System curve —»

|
»
»

Required air flow Air flow

Figure 6.6 Matching of system and fan curves.
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TABLE 6.1 Fan Affinity Laws

Change in speed (N) Change in impeller diameter (D)

N D 3
@ s ay) - a(p)
2 2
Pressure (Ap) Apy = Apl(&> Apy = Am(&)
N; D,
N 3 D 5

Fan laws are used by manufacturers to estimate the performance of
fans at different impeller sizes and operating speeds. Since the speed
of fans can be easily changed by changing pulley sizes or by installing
variable speed drives, the fan laws are very useful to system designers.
They can be used to estimate the performance of fans at different speeds,
as illustrated in Example 6.1.

Example 6.1 A fan delivers 5 m?/s at 1400 rpm and consumes 20 kW. Calculate
the new airflow rate and power consumption if the fan speed is reduced to 1200 rpm.

Q, =5 m’s

P, = 20 kW

N, = 1400 rpm

N, = 1200 rpm

Q, = Q, X (Ny/N,) = 5 X (1200/1400) = 4.3 m*/s

P, = P, x (N/N,)® = 20 X (1200/1400)° = 12.6 kW

This example also shows that when the speed is reduced by 14 percent (1400 to
1200 rpm), theoretically, the power consumption reduces by about 37 percent (20 to
12.6 kW). It should be noted that this calculation does not take into account the
change in fan efficiency due to change in operating speed.

6.5 Energy Saving Measures for Air Handling
and Distribution Systems

6.5.1 Ducting system design

The power required by a fan depends on the airflow it needs to deliver
and the system pressure against which it has to work. While the airflow
required in a cooling or heating system depends on the load that needs
to be satisfied, the pressure losses are not directly related to the load.
Hence, although the amount of air to be delivered by a system may not
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be totally within the control of a designer, the pressure losses can be min-
imized through ducting system design. As can be seen from Eq. (6.5), a
reduction in pressure losses helps to directly reduce fan power. For
example, if the pressure losses can be halved, the fan power can also be
reduced by half.

Another point to remember is that a fan also adds heat to the air that
it is moving. The temperature rise across the fan depends on the pres-
sure rise across the fan and the fan efficiency. For a fan working at 70
percent efficiency, which is developing a total pressure of 500 Pa, the
temperature rise can be about 0.5°C. In a typical air-conditioning system,
the difference in temperature of the air being delivered to the space being
cooled and the air leaving the space is about 10°C. For such a case, the
heat added by the fan can be about 5 percent of the total cooling load.
This percentage can be even higher at part load, when the supply air
temperature is higher.

Therefore, in air-conditioned systems, it is very important to minimize
the system pressure losses to enable fan power to be reduced while also
helping to decrease the cooling load on the chillers.

Pressure losses occur in air distribution systems due to frictional
losses and dynamic losses. As explained earlier, dynamic losses in duct-
ing systems occur due to change in flow direction, caused by fittings like
elbows, bends, and tees, and changes in area or velocity, caused by fit-
tings like diverging sections, contracting sections, openings, and dampers.
Usually, dynamic losses tend to be higher than frictional losses in duct-
ing systems.

From Eq. (6.1), it is evident that the fan energy required to overcome
frictional losses can be reduced by lowering the friction factor, duct
length, and air velocity in ducts. The most commonly used materials for
fabricating ducting are galvanized sheet metal and aluminium sheets,
both of which are smooth and have low friction factors. However, in duct-
ing systems, it is sometimes necessary to use flexible ducting or ducting
with internal lining, which results in higher frictional losses. In such
cases, the length of such ducts should be minimized as far as possible.

Frictional losses in ducts also depend on the velocity of airflow in the
ducting system. From Eq. (6.1) it can be seen that higher velocity or a
lower cross-sectional area (hydraulic mean diameter) result in higher
losses. Therefore, to minimize losses, the duct cross-sectional area needs
to be increased. However, selecting a duct with a large cross-sectional
area to minimize frictional losses would lead to higher cost for ducting
since ducting material and labor costs depend on size. As such, duct
designing is matter of economics, which requires balancing the first
cost and the running cost of the system. Based on experience, duct loss
of 1 Pa/m is found to be a reasonable value to be assumed while design-
ing ducting systems.
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Similarly, dynamic losses can be minimized by using duct fittings
that have lower loss coefficients. Sudden changes in direction should be
avoided and where required, bends should be used rather than sharp
elbows. Further, obstructions in ducts should be avoided and diverging
and converging sections should be made gradual with the angle of diver-
gence and convergence not exceeding 12° and 30°, respectively.

6.5.2 Fan discharge and inlet system
effects

Fan inlet and outlet conditions also affect system losses, which can
result in higher fan power to satisfy the requirements.

Fans impart dynamic pressure on the air due to centrifugal action.
This dynamic pressure has to be converted to static pressure to enable
the fan to overcome the system losses. Usually, a minimum duct length
is required after the fan to enable this static regain to be completed.
Therefore, a system design should attempt to use straight ductwork for
three to five equivalent duct diameters downstream of the fan discharge.
Where transition to a duct with larger area is required after the fan, a
taper having an included angle of no more than 15° should be used, as
shown in Fig. 6.7.

Where fans discharge into a plenum, losses occur due to the sudden
enlargement in flow area. The addition of a short discharge duct of only
one or two equivalent diameters in length significantly reduces this
sudden enlargement loss.

Duct bends immediately at the fan discharge also create a high static
pressure drop due to turbulence and the velocity profile existing at the dis-
charge. If an elbow must be used at the fan discharge, it is recommended
not to have one with a short radius. Preferably, an elbow with a minimum
radius of 1.5 times the equivalent duct diameter should be used.

Similarly, fan inlet conditions also affect fan performance. Nonuniform
flow into the suction of a fan is typically caused by an elbow installed
too close to the fan inlet. This will not allow the air to enter the impeller
uniformly and will result in turbulent and uneven flow distribution at
the fan impeller. This results in lower fan efficiency and higher fan
power. If it is necessary to have a sharp bend at the fan inlet, vanes and
a splitter can be installed to minimize losses.

— is{max

5=

15° max.

Figure 6.7 Fan discharge transitions.
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Splitter
sheet

Figure 6.8 Splitter sheet for un-
balanced flow.

In many air handling units, the opening is not vertically centered to
the fan inlet. By adding a simple splitter sheet on each side of the fan,
as shown in Fig. 6.8, the performance of the fan can be improved.

6.5.3 Filter losses

Various types of air filters are used in air handling units to filter the air
before being supplied to the occupied spaces. These air filters remove
suspended solid or liquid materials from the fresh air (required for ven-
tilation) and the recirculation air.

The most common type of filters used for air handling equipment are
media filters. These filters, which are normally made of fibrous material,
trap particles while the air passes through them. Media filters offer a
resistance to the airflow depending on the type of filter and the amount
of airflowing through it. When these filters accumulate dust, the pres-
sure drop across them increases. Usually, filters are selected to work up
to a design pressure drop provided for in the design, after which they need
to be cleaned or replaced. As shown in Fig. 6.9, the pressure drop across
the filter is lower than the value assumed in the design when it is clean.
This results in higher airflow (Qs;) when the filter is clean. Gradually,
when the pressure drop increases, the airflow drops to the value provided
for in the design (Q,). If the filters are not cleaned or replaced at this
stage, the higher pressure drop results in lower airflow (Q,).

4 Dirty filter
Design system curve

Clean/new filter

Pressure

»

Q; Q, Q3 Airflow

Figure 6.9 Effect of filter on system performance.
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From an energy efficiency point of view, two aspects need to be con-
sidered in such filter operations. Firstly, when the filter is clean, more air-
flow than required is provided by the system. From Eq. (6.3) we know that
the higher the airflow, the higher the energy consumption is. This means
that, during the period from when the filter is clean to when it reaches
the design pressure drop, if the airflow can be reduced, the energy con-
sumed by the fan can be reduced. The easiest way to achieve this is by
using a variable speed drive (VSD) to modulate the fan speed and provide
the designed airflow, as shown in Fig. 6.10. Since the airflow delivered by
the fan is proportional to the fan speed, the fan can be operated at speeds
lower than the designed speed and gradually increased to the designed
value. Since the fan power is proportional to the cube of the fan speed,
significant energy savings can be achieved by this measure.

Secondly, energy savings can be achieved by replacing or cleaning
the filter when the pressure drop reaches the maximum value allowed
for in the design. A sensor can be installed to provide an alarm when
the filter needs cleaning or replacing. If nothing is done to the filters at
this stage, the airflow will drop and will result in insufficient airflow to
some areas, causing discomfort to occupants in these areas. In extreme
cases the problem of insufficient airflow is solved by running the fan at
a higher speed by changing the pulleys or setting a higher set point on
the VSD, if such a device is used. Both these solutions lead to higher fan
power consumption.

When filters are not cleaned or replaced regularly, apart from result-
ing in higher pressure drops, dirt particles sometimes pass through
them and lodge in the cooling coils. This results in a higher pressure drop
across the coils, which leads to higher fan power (discussed later) and
the need for more frequent cleaning of the coils, which is even more
expensive than cleaning or replacing filters.

Another type of filter being used in air handling units are electronic
air filters, which use “electrostatic precipitation” to effectively remove

Design system curve
Clean/new filter

Fan curve at
design speed

Pressure

|
|
«—— New operating point

Fan curve at lower speed

»

Design  Higher Airr flow
flow flow

Figure 6.10 Effect of reducing fan speed with clean filter.
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particles as small as 0.01 microns. Electronic air cleaners circulate air
contaminated with particles through a series of ionizing wires and plates
that generate positive ions, and a section of collection plates that pre-
cipitate the ionized particles out of the air. Electrons, which are randomly
present in the air, accelerate rapidly towards the positively charged ion-
1zing wires. On the way to the wires, these accelerating electrons strike
electrons out of other air molecules, making them positive ions. The pos-
itive ions become attached to the pollutant particles and are collected in
the collector section, which has a series of thin metal plates that are alter-
natively charged positively and negatively with a high DC voltage.
Unlike media filters, which have pressure drops of 25 to 50 Pa (some-
times even much higher), these electronic air cleaners offer little resist-
ance to the airflow. Since, according to the fan affinity laws, fan pressure
1s proportional to the square of the fan speed and fan power is proportional
to the cube of fan speed, fan power is proportional to the fan pressure
raised to the power of 1.5 (1.e. kW o pressure ) Therefore, significant
savings in fan power can be achieved by using electronic air cleaners.

Example 6.2 A system with a media filter has a fan that delivers 10 m%/s at 500 Pa
and consumes 10 kW. If the media filter has a pressure drop of 50 Pa, calculate
the savings in fan power consumption that can be achieved if the media filter is
replaced with an electronic air cleaner that has a negligible pressure drop.

Q, = 10 m%/s
P, = 10kW
Ap; = 500 Pa

Apy = (500 — 50) = 450 Pa
P, = P, X (Apy/Ap)™® = 10 X (450/500)"* = 8.5 kW

Therefore, savings in fan power consumption will be 1.5 kW.

The fan power savings achieved depends on the actual pressure drop
across the media filter, the total pressure drop in the system, and fan
characteristics. However, it should be noted that to achieve this saving
in a retrofit situation, it is necessary to reduce the fan speed to deliver
the designed airflow rate after the media filter is replaced with an elec-
tronic air cleaner. This can be achieved through a pulley change on the
fan drive or by using a variable speed drive to operate the fan at a lower
speed. Otherwise, if nothing is done to reduce the fan speed after the
electronic air cleaner is installed, the lower pressure drop will just result
in higher airflow without any significant savings in fan power. This is
a very important point to remember as sometimes vendors of electronic
air cleaners project the feasibility of installing their devices based on fan
power savings and the cost of the air cleaner, omitting the cost incurred
by reducing fan speed.
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Due to the high first cost of electronic air cleaners as compared to
media filters, in many situations, it is not possible to justify their instal-
lation based on energy savings alone. In such cases, other benefits such
as the reduction in periodic maintenance cost, associated with cleaning
and replacing of media filters, and improved air quality should be
included in the cost benefit analysis.

6.5.4 Coil losses

Clean coils. Like filters, coils too offer significant resistance in air dis-
tribution systems. The pressure drop across coils depends on their design
(density of rows and fins), face velocity, and how well the coils have been
maintained (how clean).

Coils are placed downstream of filters so that any particles in the air
can be filtered before the air reaches the coil. However, if the filters used
are not efficient or well maintained they cannot remove dirt particles.
This results in the coil acting as the filter. Since cooling coils are wet
and consist of narrow passages for the air to pass through, anything
that gets past the filters normally tend to get stuck on cooling coils.
Cooling coils that have been in use for about 10 years and have not been
cleaned regularly result a significant drop in airflow due to blockage.
One way of checking the condition of the coil is by comparing the actual
coil pressure drop with the designed coil pressured drop. However, if
the design data is not available and the pressure drop across the cool-
ing coil 1s over 250 Pa, chances are that it is partially blocked and
needs cleaning.

As with filters, blocked coils result in lower airflow and can lead to
discomfort for the occupants of the building if there is a substantial
drop in coil performance. Often, when such problems are encountered,
the fans are operated at higher speed to increase the airflow. This leads
to higher fan power consumption.

Face velocity. Apart from keeping the coils clean, fan power consump-
tion can also be minimized through coil design and selection. The pres-
sure drop across coils depends on the number of coil rows and fin density
as well as the velocity of airflowing through them.

The face velocity of a coil is the velocity of air passing through the coil.
The pressure drop across a coil is proportional to the square of the veloc-
ity. Therefore, if the face velocity can be reduced by 10 percent, the pres-
sure drop can be reduced by about 20 percent. Reduction in coil face
velocity can be achieved by making the coil bigger. However, this leads
to higher first cost for the coil due to its larger size and also higher cost
for the entire air handling unit since it has to be made bigger to accom-
modate the larger coil. Usually, to minimize first cost, coils are designed
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for face velocities of about 2.5 m/s. Although low face velocity coils with
face velocities of about 1 m/s cost more at first, they have a much lower
operating cost due to lower fan energy consumption. Therefore, if coils
and air handling units are selected based on life-cycle costing, low face
velocity coils offer significant energy savings.

Example 6.3 For a system delivering 10 m%s, the pressure drop across a cooling
coil is 200 Pa and the face velocity is 2.5 m/s. Calculate the pressure drop and the
reduction in fan power if the face velocity is reduced to 1.0 m/s for this applica-
tion. Assume the fan efficiency is 70 percent.

Q= 10m%s

v, = 2.5 m/s

vy = 1.0 m/s

APy oy = 200 Pa

APy (woiy = AP1 oy X (Volvy)? = 200 X (1.0/2.5)* = 32 Pa

Reduction in pressure drop across the coil = (200 — 32) = 168 Pa
From Eq. (6.4), reduction in fan power = [10 (m?/s) X 168 (Pa)]/[1000 X 0.7] =
2.4 kW.

Dual-path air handling units. Deep coils with high fin density are nor-
mally required for dehumidification applications. Such coils not only
have high pressure drops but are also difficult to maintain. In conven-
tional air handling units (Fig. 6.11), outdoor air provided for ventilation
1s mixed with the return air before passing through the cooling coil. The
outdoor air, with higher moisture content is mixed with a large quan-
tity of return air with lower moisture content. Since the quantity of
outdoor air is much less than the quantity of return air, this results in
a mixture of air with a lower overall moisture content. This makes dehu-
midification harder as the potential for moisture removal is reduced and
leads to the need for deep coils.

This shortcoming can be overcome by using dual-path air handling
units (Fig. 6.12). In such air handling units, two separate coils are used
to treat the outdoor air and return air before mixing them. The coil for

Return air

Filter cooling coil

Outdoor air7—> Fan >> Supply air

Figure 6.11 Conventional air handling unit.
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Filter Cooling coll

Outdoorair7> E l Treated fresh air

Filter Cooling coil |
Return air. » » Supply air
Fan

Figure 6.12 Dual-path air handling unit.

treating the outdoor air is designed for carrying out most of the dehu-
midification while the return air coil is sized for mainly providing sen-
sible cooling. The two air streams are then mixed to give the desired
supply air conditions.

Since the quantity of outdoor air for dehumidification is small and the
moisture content is relatively high, low face velocity coils can be used for
treating outdoor air. This leads to lower coil pressure drop and reduced
energy cost. Similarly, since the return air coil mainly performs sensible
cooling, a shallow coil can be selected for this application. This too results
in lower coil pressure drop and helps reduce fan power consumption.

6.5.5 Fan efficiency

Normally, centrifugal fans used in air distribution systems are forward-
curved or backward-curved (Fig. 6.2).

Forward-curved fans rotate at relatively slow speeds and are gener-
ally used for producing high volumes at low static pressure. The maxi-
mum static efficiency of forward-curved fans is usually between 60 to
70 percent and occurs at less than 50 percent of the maximum airflow,
as shown in Fig. 6.13. The fan power curve has an increasing slope and
1s referred to as an “overloading type.” The advantage of these fans is
that they are relatively low cost.

Backward-inclined fans operate at about twice the speed of forward-
curved fans. The maximum static efficiency is higher and is about 80 per-
cent, and occurs at about 60 to 70 percent of the maximum flow, as shown
in Fig. 6.13. The advantage of backward-curved fans is their higher effi-
ciency and the nonoverloading characteristic of their power curve.
However, they are normally more costly than forward-curved fans.

Due to the lower first cost, forward-curved fans are commonly used
in air handling units (AHUs). However, from Eq. (6.3) it can be seen that
fan power can be reduced by increasing fan efficiency. In a system where
the airflow and pressure is fixed, a 10 percent improvement in fan effi-
ciency will lead to an equivalent reduction in fan power consumption.
Therefore, although a backward-curved fan may have a higher first cost,
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Figure 6.13 Fan efficiency for forward-curved and backward-curved fans.

based on a life-cycle cost, it may be much more attractive as the extra
cost of the fan may be recovered by the lower fan power consumption
during operation.

However, it should be noted that fan efficiency also depends on the
operating point, as shown in Fig. 6.14. Although a backward-curved
fan may have a maximum static efficiency of 80 percent, it may operate
at 60 percent static efficiency at the operating point. Therefore, when a
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efficiency

< Fan efficiency
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Fan curve

Pressure and fan efficiency

<«— System curve

Volume flow rate

Figure 6.14 Fan efficiency at operating point.



168 Chapter Six

fan 1s selected for an application, it should be selected so that it oper-
ates at its highest efficiency at the desired operating point.

6.5.6 Excess airflow

In air handling systems and ventilation systems, fans are selected to pro-
vide the airflow rate required for maintaining space conditions. This
designed airflow rate is normally computed based on expected cool-
ing/heating and ventilation loads. Since the airflow delivered by a fan
also depends on the pressure losses in the system, which it has to over-
come to deliver the required airflow rate, the system pressure losses too
need to be estimated prior to selecting a fan.

As described in Section 6.2, system losses depend on factors such as
friction losses in ducting, losses due to fittings, and changes in velocity
and direction. In system design, usually, a safety factor is added to account
for differences between computed values and actual system losses that
may result due to reasons such as changes in ducting layout during
installation to overcome site constraints. The safety factor used for design-
ing an air distribution system usually depends on how confident the
designer is about the design. It is not uncommon to see systems designed
with high safety factors, which result in excess airflow during actual
operation due to the intersection of the fan curve and actual system curve
at a point different from the design operating point (Fig. 6.15).

As explained earlier in Eq. (6.3), fan power depends on, both, the air-
flow delivered and the system pressure losses. Therefore, excess airflow
results in higher fan power consumption.

The best way to check whether the airflow is excessive is to measure
the actual airflow and compare with the design requirements. If design
data is unavailable, then a good indication of excessive airflow can be pro-
vided by dividing the AHU airflow by the floor area it serves. Although
the airflow provided per unit floor area varies with design conditions

Design system curve with
high safety factor

Actual system curve

4 Fan curve at
design speed

Actual operating point

Pressure

|
| Design operating point
|
|

\4

Air flow

Figure 6.15 Fan performance due to use of high safety factor
for estimating system losses.
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such as ceiling height and supply air temperature, generally, for cooling
the ratio is in the range of 18 to 27 emh/m” (1 to 1.5 cfm/ft?). Therefore,
if the actual ratio of airflow to floor area served by the AHU is higher than
this, it is very likely that the operating fan capacity is more than required.

If the airflow is found to be excessive, the simplest solution is to reduce
the fan speed since airflow is proportional to the fan speed (Table 6.1).
This can be easily achieved by changing the pulley sizes of the fan and
the motor.

Since reduction in fan speed is proportional to the required reduction
in airflow, if the airflow needs to be reduced by 20 percent, then the fan
speed also needs to be reduced by 20 percent. The pulley sizing to achieve
this reduction in fan speed is illustrated in Example 6.4.

Example 6.4 A system is found to be delivering 12 m®/s when the actual require-
ment is 10 m*s. The fan speed is measured to be 800 rpm while the motor speed
is 960 rpm. The motor pulley size is 200 mm and the fan pulley size is 240 mm.
Find the new fan pulley size and motor power consumption.

Q, =12 m%s
Q, = 10 m%/s
N, = 800 rpm

New fan speed, N, = N; X (Q./Q;) = 800 X (10/12) = 666 rpm

Since the fan and motor speeds and pulley diameters are related as follows:

N (fan)/N (motor) — D (motor)/D (fan)
New fan pulley diameter, D ¢ = (D motory X (N (motor)/N (fan)

Therefore, D (fan) = 200 X (960/666) = 288 mm

Another common way of reducing fan speed is by using a VSD for the
fan motor and then running the motor at a lower speed. Although this
solution is normally more expensive than a pulley change, it is easier
to achieve the desired airflow through trial-and-error setting of the
VSD’s frequency to get the exact airflow requirements.

6.5.7 Type of air distribution system
(CAV versus VAV)

Fans for air handling units are normally sized to handle the maximum
airflow required to meet peak load conditions. However, peak load con-
ditions are usually experienced only for short periods of time and the
capacity of air handling units is controlled to match requirements by
varying the supply air temperature or the amount of air supplied.

In constant air volume (CAV) systems, the capacity is controlled by
varying the supply air temperature. In such systems, the fan is operated
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at a fixed speed to give a fixed quantity of air. This not only wastes
energy by supplying a constant volume of air irrespective of the load, but
also leads to high space relative humidity in air-conditioning systems at
low loads due to higher operating supply air temperatures at part load.

To avoid these shortcomings, variable air volume systems with devices
such as discharge dampers, inlet guide vanes, or variable speed drives
can be used to regulate the air volume with load while maintaining a
fixed supply air temperature. Although discharge dampers and inlet
guide vanes are able to reduce the air volume, the energy savings achieved
are much less than for variable speed drives, which are able to closely
follow the theoretical “cubic” fan power relationship. Typical energy
savings achieved by varying the airflow in VAV systems using the dif-
ferent systems is illustrated in Fig. 6.16.

A VSD can vary the speed of the fan to produce different airflows by
changing the fan curve. As shown in Fig. 6.17, at part load conditions,
the fan speed can be reduced so that the resulting fan curve intersects
the system curve at the required operating point. Variable speed fans
are able to closely match the theoretical fan power consumption curve,
which is dependent on the cubic relationship kW o (flow)®. Therefore,
theoretically, at 50 percent flow condition, the fan power consumption
is 12.5 percent (0.5° = 0.125) of the maximum power consumption. This
shows that it is possible to reduce the power consumption significantly
at part load conditions by using a variable speed drive.

6.5.8 Static pressure set point

In variable air volume (VAV) air distribution systems, the air supplied
to the different spaces is varied based on load requirements. This is
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Figure 6.16 Fan energy consumption in different VAV systems.
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Figure 6.17 Reducing air flow at part load by reducing
fan speed.

achieved by using VAV boxes that have dampers to automatically con-
trol the airflow through each box. Each VAV box receives an input from
a thermostat, which monitors the respective space temperature. The
measured space temperature is continuously compared with the desired
space temperature set point and a signal is provided to automatically
vary the airflow through each VAV box by opening or closing its damper.

Therefore, depending on the load, the VAV boxes vary the quantity of
air supplied to the spaces being conditioned. When the load is high, more
air is provided, while at part load less air is provided. This causes the
static pressure in the distribution ducting system to vary with load. In
VAV systems, static pressure sensors are installed in the distribution
ducting to sense the load and the pressure signal used to control the air-
flow from individual AHU’s by varying the fan speed or adjusting the inlet
guide vanes to maintain a static pressure set point, as shown in Fig. 6.18.

i Supply
Return air air Room
N\ O temperature
VAV sensor
Filter coils box
Outdoor> Staltic pressure
air
[
VAV
box Room
i temperature
Controllerl NS sensor
Supply
air

Figure 6.18 Arrangement of a VAV system.
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Since the static pressure in ducts is used to control the airflow based
on load requirements, the location of the static pressure sensors and
actual set point are important to maximize energy savings. If the duct
static pressure sensor is not located correctly or the static pressure set
point is too high, the system will operate at a much higher pressure
than required and will result in wasted energy. It is very common to
find the duct static pressure sensor located at the discharge of AHUs.
In such systems, since the duct pressure sensor is unable to sense the
lowest pressure in the system, the pressure set point has to be set
higher to ensure that sufficient pressure is maintained in all areas of
the system.

The static pressure sensor should be located in the ducting system in
the region where the lowest static pressure is expected. The location of
this point depends on the design of the ducting system, but is usually
about two-thirds of the way along the duct. The actual location can be
found by measuring the duct pressure at a few locations along the duct-
ing system.

The static pressure set point is important because it ensures that the
system performs by providing sufficient air to all areas (depending on
load) while saving energy during part load operation. A high-pressure
set point will ensure that the system airflow requirements of all areas
are maintained but will result in lower energy savings. Similarly, a low-
pressure set point may result in higher energy savings but may lead to
space comfort conditions not being met in some areas. Therefore, it is
essential to set the most optimum set point to maximize energy savings
while maintaining space comfort conditions in all areas served by the
system. This ideal set point can normally be found by trial-and-error,
by operating the system at different set points and monitoring the space
conditions.

6.5.9 VAV optimization algorithm

In VAV systems, further energy savings can be achieved by continu-
ously resetting the static pressure set point based on system opera-
tions. In such systems, the static pressure set point is continuously
varied (as opposed to a fixed set point in conventional systems) in
response to the damper positions of the VAV boxes to ensure that no box
is starved of air. The aim of such a system is to minimize AHU fan
energy consumption by reducing the static pressure in the system while
ensuring that the space cooling or heating requirements of all spaces are
met. However, for such a system to function, the VAV box damper posi-
tions should be monitored and be linked to the AHU fan controls through
a central BAS or EMS.
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Figure 6.19 Typical static pressure reset algorithm.

A typical static pressure reset algorithm is shown in Fig. 6.19. The con-
trol algorithm is set to reduce the AHU fan speed up to the minimum
set point while ensuring no VAV box is more than 90 percent open or
likely to be starved of air. The algorithm is able to achieve this by mon-
itoring the damper positions of all the VAV boxes in a particular system
and 1dentifying the box with the damper open the most and, thereby, the
most likely box to be starved of air. If the box with the damper open most
1s more than 90 percent open, then the static pressure set point is raised.
Similarly, if the box with the damper open most is open less than 70 per-
cent (other boxes are open even less), the static pressure set point is
reduced. This check is performed continuously by the control system to
ensure that the system pressure is maintained at the minimum possi-
ble. It is estimated that such systems are able to achieve further 20 per-
cent energy savings as compared to conventional fixed set point VAV
systems.

6.5.10 Air distribution and balancing

In central systems, air is treated normally in AHUs and distributed to
one or more of the conditioned spaces. The cooling or heating provided
to meet space requirements depends on the quantity of air supplied
and the temperature of the supply air. As the temperature of the air sup-
plied by a particular AHU to the different spaces it is serving is the same,
different quantities of air have to be supplied to each of the spaces as
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they may have varying load requirements. Since treated air from an
AHU is distributed by a ducting system to the different spaces, the
ducting system needs to be able to distribute the airflow so that each
space receives the required quantity of air. This is normally achieved by
air balancing.

If airflows to the different areas are not balanced, some areas may
receive more airflow while others receive less airflow. This normally
results in hot and cold spots in air-conditioned spaces. Often, “hot spots”
are experienced in areas furthest from AHUs due to insufficient airflow
at such locations. If simultaneously, “cold spots” are experienced in
areas closer to AHUs, this would indicate that the airflow is not well bal-
anced.

In such situations, rather than increasing the airflow supplied by the
AHU fan to satisfy warm areas (which results in higher energy con-
sumption), the airflows should be balanced so that excess air can be
diverted from areas receiving too much flow to areas that have inade-
quate flow.

6.5.11 Runaround coils

For areas that require low space relative humidity, usually, the supply
air is “overcooled” by the AHU coil to remove sufficient moisture and
thereafter electric duct heaters are used to reheat the supply air before
releasing it into the occupied space. This strategy not only wastes energy
but also increases the cooling load on the chiller plant.

Reheating for humidity control can be avoided by using runaround
coils where two extra coils sandwich the main cooling coil of the AHU
(Fig. 6.20). Water is circulated through the two coils using a small pump,
which enables transferring of heat from the incoming air (pre cooling)
to the leaving air. Heat pipe systems can also be used to achieve the same
effect. Research has shown that runaround coils can achieve substantial
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Figure 6.20 Arrangement of an AHU runaround coil.
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energy savings (about 20 percent of the total annual cooling energy for
the cooling coil) in hot and humid climates.

6.5.12 Optimal start-stop

The optimal start-stop algorithm available on most building automation
systems (BAS) can predict how long a building or space will take to
reach the desired temperature based on the variables that affect it,
such as outdoor air temperature, indoor space temperature, and building
thermal characteristics. This algorithm can be used to start the AHUs
(and chillers/boilers) at the latest possible time to achieve the required
space conditions before the space is occupied. Similarly, at the end of the
day, the algorithm can help to shut down the cooling or heating plant
at the earliest possible time.

6.5.13 Space temperature reset

Air-conditioning systems maintain comfort conditions in occupied
spaces by removing heat and moisture generated by occupants and
equipment. Occupants in air-conditioned spaces reject heat to the sur-
roundings by sensible and latent heat transfer to maintain body ther-
mal balance. Sensible heat transfer is mainly by convection and
radiation while latent heat transfer is by evaporation of moisture from
the body. Therefore, the amount of heat rejected by an occupant into a
space depends on parameters such as space temperature, relative
humidity, and air circulation rate. An occupant is able to reject more
latent heat if the space relative humidity is low. Similarly, more heat
rejection takes place by sensible means if the space temperature is
lower. For example, if the relative humidity is low, the occupants feel
comfortable at a higher space temperature since less sensible heat trans-
fer is required to maintain the body’s thermal balance. The required
space comfort conditions also depend on factors such as occupant activ-
ity and their clothing. Therefore, the space temperature should be set
taking into account factors such as space relative humidity, occupant
activity, and clothing level.

The space temperature set point for comfort applications also
depends on the heat gain into a space by radiation. For spaces with
glazing, located in perimeter zones of buildings, the space temperature
is normally set lower to account for the radiant heat transfer between
the surroundings and the occupants. However, in such spaces at times
when the mean radiant temperature is lower (evenings, night time
or rainy days), occupants often feel cold if the normal space temper-
ature set point is maintained. Therefore, to avoid such situations, the
space temperature set point could be reset based on outdoor weather
conditions.
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6.5.14 Economizer cycle

An energy saving feature that can be incorporated into AHUSs in some
climates is the outdoor air economizer. The basis of this strategy is to
use 100 percent outside air when it is below a certain temperature to
cool the space rather than using a mixture of outside air and return air.

When the outdoor air dry-bulb temperature is below the indoor tem-
perature, the economizer cycle can be programmed to convert the AHU
to use 100 percent outdoor air by adjusting the position of the outdoor
air and return air dampers. In humid climates, it is better to use
enthalpy (sensible and latent energy level) based controls to activate this
energy saving strategy.

A typical arrangement of an AHU working on an economizer cycle is
shown in Fig. 6.21. An economizer system normally includes indoor and out-
door temperature sensors, motorized dampers, and controls. Since the out-
door air damper needs to be large enough to provide 100 percent outside
air, this becomes a constraint when fitting economizers to existing AHUs.

Example 6.5 illustrates how the savings in cooling load, achievable
through an economizer cycle, can be estimated.

Example 6.5 A building AHU working on the economizer mode provides 0.5 m?/s
of outdoor air to replace return air at 22°C dry-bulb temperature and 65 percent
relative humidity. If the conditions of the outdoor air are 18°C dry-bulb tempera-
ture and 45 percent relative humidity, estimate the reduction in cooling load for
the building chillers. Take the density of air to be 1.2 kg/m®.

From the psychrometric data in Appendix B, the enthalpy of return air is
49.3 kd/kg (at 22°C dry-bulb at 65 percent RH) and the enthalpy of outdoor air is
32.6 kd/kg (at 18°C and 45 percent RH).

Reduction in cooling load = airflow rate X density of air
X difference in enthalpy

= 0.5 m%s X 1.2 kg/m® X (49.3 — 32.6) kdJ/kg
= 10 kW (approximately 2.8 RT)

<4—— Return air

| — Return air damper closed

Filter cooling coil

" Outdoor air Supply air
T —» — .
Figure 6.21 Typical arrangement
. of an AHU on economizer mode.
Outdoor air

damper open



Air Handling and Distribution Systems 177

6.5.15 Fresh air control

Outdoor air is required for ventilation and to ensure sufficient building
pressurization to prevent infiltration of air into buildings. To maintain
good building Indoor Air Quality (IAQ), ASHRAE Standard 62 is gen-
erally used as a guideline for determining the quantity of ventilation air
required per occupant.

The quantity of fresh air required to provide sufficient ventilation depends
on factors such as the number of occupants and the type of space usage.
Usually, the amount of fresh air provided works out to be about 10 to 15 per-
cent of the total supply air quantity. Therefore, if the fresh air intake is more
than about 15 percent of the total supply air quantity, it could indicate an
excess supply of fresh air. Reduction in the amount of fresh air provided
would help to reduce the cooling and heating load of buildings and, there-
fore, result in lower energy consumption, as illustrated in Example 6.6.

Example 6.6 If the outdoor air is at 32°C (dry bulb) and 70 percent relative
humidity, estimate the savings that can be achieved in cooling load when the
total outdoor air intake for a building is reduced by 1 m?/s. Take the condition of
room air to be 23°C (dry bulb) and 55 percent relative humidity.

From the psychrometric data in Appendix B, the enthalpy of outdoor air is
86.1 kd/ kg (at 32°C dry bulb and 70 percent RH), and the enthalpy of return air
is 47.5 kd/kg (at 23°C and 55 percent RH).

Reduction in cooling load = airflow rate X density of air
X difference in enthalpy

= 1.0 m%s X 1.2 kg/m® X (86.1 — 47.5) kd/kg
= 46.3 kW (approximately 13 RT)

Further, as building occupancy also usually varies during different
periods of the day, it is not necessary to provide a constant amount of
fresh air at all times. Hence, fresh air provided can be varied based on
building occupancy.

One way to achieve this is to preprogram the expected occupancy pat-
tern on the building energy management system and use it to vary the
outdoor airflow. A simpler solution is to use carbon dioxide (CO,) sen-
sors to monitor the CO, level in the occupied spaces or the return air
at the AHUs and use it as an indicator of occupancy to vary the outdoor
airflow. The CO, level can be set at a predetermined value, such as 1000
ppm, and the proportion of the outdoor and return airflow quantities
varied to maintain this set point, as shown in Fig. 6.22.

6.5.16 Air-to-air heat recovery

As described earlier, ventilation in buildings is provided by introducing
outdoor air and exhausting an equal quantity of air to maintain the pres-
sure balance in the building.
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Figure 6.22 Outdoor air control based on CO, level.

In air-conditioned buildings, the exhaust air is normally colder and
has a lower enthalpy than the fresh outdoor air that is taken in for ven-
tilation. Therefore, energy recovery systems, such as those using heat
pipe systems and energy recovery wheels (Fig. 6.23), can be used to pre-
cool the fresh air using exhaust air. In centralized ventilation systems,
outdoor air is taken at one point and distributed to the individual AHUs.
Similarly, the space air removed from the different parts of a building
1s also discharged using a single exhaust fan. Very often, both the fresh
air and exhaust air fans are located on the roof of the building, as in the
case of office towers. The exhaust air can then be easily used to precool
the outdoor air, as shown in Fig. 6.24. The same can be done in heating
systems to preheat fresh air using the warm exhaust air.

The amount of energy recovered depends on the efficiency of the recov-
ery system and can be expressed as follows for systems that exchange
sensible heat and those that can exchange total heat (both sensible and
latent).

1. Heating/cooling energy (e.g. 80%) is always returned to
where it came from

Heat in
>

( Heat out
AT

2. Moisture and dry air (e.g. 80%) is always returned to
where it came from

Moisture in

Cooling energy out
—_—

Cooling energy in

Dry air out

_,>

( Moisture out ' Dry air in
- - .

Figure 6.23 Arrangement and operation of a typical energy recovery wheel. (Courtesy of
Desiccant Rotors International Put. Ltd.)
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Figure 6.24 Typical arrangement of an energy recov-
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where n = efficiency (%)
T = dry-bulb temperature (°C)
H = enthalpy
OA = outdoor air
SA = supply air
RA = return air

Similarly, the amount of energy recovered can be expressed as follows:

Qgensible = P X v X Cp X (Top — Tga) (6.8)

and

Qtotal = p X Vv X (hpa — hgy) (6.9
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where Q = energy recovered (kW)
p = density of air (kg/m®)
V = airflow rate (m?s)
Cp = specific heat capacity of air (kd/kg-K)

Based on the values for specific heat capacity and density, Eq. (6.8)
and Eq.(6.9) can be simplified as follows:

Qensible = 1.232 X v X (Top — Tga) (6.10)
and

Qtotal = 1.2 X v (hpp — hgy) (6.11)

Example 6.7 illustrates how the amount of energy recovery can be
computed.

Example 6.7 Consider the case where 1.2 m?/s of outdoor air is provided to an air-
conditioning system to makeup for an equal amount of air removed by the exhaust
system. If the outdoor air temperature is 30°C and the return air temperature is
23°C, find the supply air temperature that can be achieved using an energy recov-
ery system that can only transfer sensible heat and has an efficiency of 75 percent.
Also, calculate the total amount of precooling done to the outdoor air.

Using Eq. (6.6),

TSA = TQA — (TQAf TRA) X Mgensible
~ 30 — (30 — 23) X 0.75
= 24.75°C

Sensible cooling done:

Quensible = 1.232 X v X (Tpp = Tsp)
= 1.232 X 1.2 X (30 — 24.75)
= 7.8 kW (which is approximately equal to 2 RT)

6.5.17 Car park ventilation systems

Mechanical ventilation systems, consisting of supply and exhaust fans,
are widely used for ventilating building spaces such as basement car
parks. These ventilation systems are normally designed to provide the
ventilation rates required under extreme or worst case conditions.
However, ventilation rates required under normal operating conditions
are usually much less and it is possible to control the operation of the
fans to match the actual ventilation requirements.

For car parks, carbon monoxide (CO) and temperature sensors can be
used to monitor the quality of car park air and control the supply and
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exhaust fans. The values for temperature and CO level can be set based
on individual requirements or ventilation codes. Since the operation of
exhaust and supply fans normally need to be interlocked to ensure a
pressure balance in the areas served by them, the control system would
need to control both sets of fans simultaneously.

In car park ventilation systems that have many supply and exhaust
fans serving specific areas of the car park, sensors installed in various
parts of the car park can be used to switch on/off the sets of supply and
exhaust fans serving specific areas when the CO level and temperature
in a particular part of the car park reaches a set value.

6.6 Summary

Air handling and air distribution systems are used for providing heat-
ing, cooling, and ventilation requirements in buildings. In such sys-
tems, fans are used to transport air through ducting systems from one
part of a building to another. Since in a typical building, many fans are
used for such applications, collectively they can account for a significant
amount of energy consumed in buildings.

This chapter provided an overview of air handling and distribution
systems, which included losses in ducting systems and fan character-
istics. Thereafter, various design and operational strategies for reduc-
ing energy consumption by improving the energy efficiency of air
handling and air distribution systems were described. The savings
achievable for some of the energy saving measures were illustrated
using examples.

Review Questions

6.1. Afan delivers 15 m%/s at 1400 rpm and consumes 30 kW. If the airflow rate
is to be reduced to 10 m?*/s, what will the new fan speed and power con-
sumption be?

6.2. The fan of an air handling unit is designed to deliver 20 m?/s. Estimate the
savings that can be achieved in fan power consumption if the AHU uses a
filter that has a pressure drop of 30 Pa instead of a filter having a pres-
sure drop of 80 Pa.

6.3. If a building uses outdoor air at 35°C (dry-bulb) and 60 percent relative
humidity, estimate the savings that can be achieved in cooling load when the
total outdoor air intake for a building is reduced by 1.5 m%s. Take the con-
dition of room air to be 23°C (dry-bulb) and 55 percent relative humidity.

If the building operates for 12 hours a day and 250 days a year, estimate
the annual energy savings (in kWh) that can be achieved from the chiller
plant if the efficiency of the chiller system is 0.8 kW/RT.
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6.4. 3 m%s of outdoor air is provided to an air-conditioning system to makeup for
an equal amount of air removed by the exhaust system. If the outdoor air
temperature is 33°C and the return air temperature is 23°C, find the supply
air temperature that can be achieved using an energy recovery system that
can only transfer sensible heat and has an efficiency of 77 percent.

Also, estimate the resulting annual energy savings from the chillers if
the building operates 10 hours a day, 260 days a year, and the chiller
system efficiency is 0.83 kW/RT.
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Lighting Systems

7.1 Introduction

Lighting systems normally account for more than 20 percent of the elec-
trical energy consumed in commercial buildings. Lighting systems not
only consume power directly to generate light, in air-conditioned build-
ings they also indirectly account for some of the power consumed by air-
conditioning systems, as the heat added by lighting has to be removed
by the building cooling systems.

However, lighting is essential for buildings to ensure the comfort,
productivity and safety of the building’s occupants. Therefore, lighting
systems need to be carefully designed to achieve the desired illumina-
tion level while using the minimum amount of energy.

Energy savings from lighting systems can be achieved by means such
as optimizing lighting levels, improving the efficiency of lighting sys-
tems, using controls, and daylighting (using natural light). This chap-
ter provides a brief description of some basic concepts of lighting followed
by typical energy saving measures for lighting systems.

7.2 Definitions

A few important definitions associated with lighting systems are
described here.

Lumens. Lumens is the SI unit for luminous flux, which is the quantity
of light emitted by a source or the quantity of light received by a surface.

Typical values of luminous flux emitted by some common sources of
light are given in Table 7.1.

183
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TABLE 7.1 Luminous Flux Emitted by Common Light Sources

Lamp Lamp wattage Lumens
Torch lamp 3W 30
Incandescent lamp 7B W 950
Compact fluorescent lamp 15 W 810
Fluorescent lamp 36 W 2,400
High-pressure sodium lamp 100 W 10,500
Low-pressure sodium lamp 131 W 26,000

Candela. Candela (cd) is a measure of luminous intensity. Originally
luminous intensity was measured in units called candles (based on the
approximate amount of light emitted by a candle flame). Later the term
candela was adopted to allow for consistent and repeatable measure-
ments of light, where 1 candela is equal to 1 candlepower.

Lux. Lux is the SI unit for illuminance, which is a measure of the
direct illumination on a surface area of one square metre. One lux is one
lumen/m®. Some typical lux values are given in Table 7.2.

Luminous efficacy. Luminous efficacy is the ratio of luminous flux emit-
ted by a lamp to the power consumed by the lamp and its control gear.
This ratio indicates the efficiency of a lamp in converting electrical
power into light. The units of efficacy are Im/W.

Edison’s first electric filament lamp had an efficacy of 1.4 Im/W.
However, with research and development, the efficacy of lamps has
improved significantly over the years. Typical values of efficacy for some
common lamps are given in Table 7.3.

Color temperature. The color temperature of a light source is a numeri-
cal measurement of its color appearance. It is based on the fact that when
an object is heated to a temperature high enough it will emit light and as
the temperature is increased, the color of the light emitted will also
increase. For example, when a blacksmith heats a horseshoe, it will first
appear red and will change to orange, followed by yellow and later white.

Color temperature is defined as the temperature of a blackbody radi-
ator which emits radiation of the same chromaticity as the lamp. The

TABLE 7.2 Typical Lux Values

Location Lux level
Basement car parks 15
Offices 500
Under the shade of a tree 10,000

Under the midday sun 100,000




Lighting Systems 185

TABLE 7.3 Typical Efficacy of Lamps

Lamp type Efficacy (Im/W)
Incandescent 10-15
Halogen 13-25
Compact fluorescent 50-60
Fluorescent lube 69-100
Metal halide 85-120
High-pressure sodium 80-140
Low-pressure sodium 150-200

unit of color temperature is Kelvin (K). The degree of “warmth” or “cool-
ness” of the space is related to the color temperature of the light source.
The lower the color temperature, the “warmer” the light appears. Light
sources that appear violet or blue color are “cool” while those that are
red, yellow or orange are “warm.”

Typical values of color temperature and associated warmness or cool-
ness are given in Table 7.4.

Color rendering. While color temperature is a measure of the color of a
light source, the color rendering index is an indication of the ability of
a light source to accurately show colors.

Color rendering expresses the appearance of object colors when illu-
minated by a given light source as compared to its appearance in a ref-
erence light source. It is usually expressed as an index called the color
rendering index (CRI), which is an indication of the appearance of an
object illuminated by a light source compared to its appearance under
natural light. Natural light will have a CRI of 100. Electric filament
lamps produce a continuous spectrum with all colors present and, there-
fore, they have a CRI of 100. Normally, CRI below 80 is considered poor
color rendering while CRI above 80 is considered good.

Typical values of CRI are given in Table 7.5.

TABLE 7.4 Color Temperature and Warmness of Common

Types of Lamps
Lamp type Color temperature (K)

Incandescent filament lamp 2600-3000
Tungsten halogen 3000-3400
Warm white fluorescent 3000

Cool white fluorescent 4000

Daylight fluorescent 5000

Metal halide 3300-5700
High-pressure sodium 2000-3200

Low-pressure sodium 1600
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TABLE 7.5 Typical Values of Color Rendering Index

Lamp type Color rendering index (CRI)
Incandescent filament lamp 100
Tungsten halogen 100
Fluorescent 80-95
Metal halide 65-80
High-pressure sodium 25
Low-pressure sodium 0

7.3 Types of Lamps

7.3.1 Incandescent lamps

Incandescent lamps (Fig. 7.1) produce light using an incandescent fila-
ment (normally tungsten), which is sealed in a glass bulb containing an
inert gas.

Incandescent lamps were previously one of the most commonly used
lamps due to their low initial cost and good color rendering (CRI above
95). However, they have been phased out from general applications due
to their low efficacy, which is only about 10 to 15 Im/W. The low efficacy
is because incandescent lamps convert about 92 percent of the energy
into heat and only 8 percent is converted to useful light. They also have
a relatively short life of only about 1000 hours.

However, they have good color rendering and a warm color tempera-
ture, which make them the preferred choice for many special applications.

Figure 7.1 Incandescent lamp.
(Courtesy of Philips.)
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Figure 7.2 Halogen lamp with reflector. (Courtesy of Philips.)

7.3.2 Halogen lamps

Halogen lamps are filament lamps (Fig. 7.2) that operate at higher pres-
sure and temperature than standard incandescent lamps to produce
whiter light. They have halogen added to prevent evaporated tungsten
from blackening the bulb. This helps the lamps to maintain lumen levels
and provide a “sparkling” effect.

They have an efficacy of 13 to 25 Im/W, which is slightly higher than
that of incandescent lamps. They are commonly used in retail applica-
tions, such as for highlighting merchandise.

7.3.3 Fluorescent lamps

Fluorescent lamps are different from filament lamps and use an arc cre-
ated between two electrodes in a tube filled with a gas or vapor (mer-
cury) to produce light. The arc ionizes the gas and releases electromagnetic
radiation in the ultraviolet region. The ultraviolet energy of the dis-
charge activates the phosphor coating, which then emits light. They
have higher efficacy than filament lamps. Fluorescent lamps can be
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Figure 7.3 Different sizes of fluorescent lamps. (Courtesy of Philips.)

generally categorized into linear or tubular fluorescent lamps and com-
pact fluorescent lamps.

Linear fluorescent lamps. They are one of the most common types of
lamps used for general lighting. They come in varying lengths. The tubes
are classified by a T number (Fig. 7.3), which refers to the tube diame-
terin 1/8 of an inch. T12 refers to 12 X1/8 = 1-inch (38 mm) tubes, while
T8 refers to 1-inch or 26-mm tubes. The color rendering index for linear
fluorescent lamps is normally about 70 to 80. The lamp life is about
12,000 hours, which is much more than the life of filament lamps.

Linear fluorescent lamps have evolved over time from old T12 to T8
and later to T5 lamps. The reduction in tube diameter and improvement
in technology, including the use of electronic control gear (described
later), have resulted in efficacy improvement from about 50 Im/W in the
1970s to more than 100 Im/W.

Compact fluorescent lamps. Compact fluorescent lamps (Fig. 7.4) fold
the discharge path and are therefore smaller in size compared to linear
fluorescent lamps. The ballast is normally integrated with the lamp so
that they can be easily fitted into standard sockets used by incandes-
cent lamps. They have a much higher lamp efficacy compared to incan-
descent lamps and use only about 20 to 25 percent of electrical power
(compared to incandescent lamps) to produce the same amount of light.

They also have a much longer life, which is about 8000 hours, com-
pared to only 1000 hours for filament lamps. Although compact fluo-
rescent lamps cost more than incandescent lamps, they are more
economical to use due to their lower energy consumption and longer life.

They are available in a variety of shapes. The color temperature
ranges from 2700 to 6000 K compared to 2700 to 3000 K for incandes-
cent lamps. The CRI is about 82 to 88.
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Figure 7.4 Compact fluorescent
lamps. (Courtesy of Philips.)

7.3.4 High-intensity discharge lamps

Metal halide lamps, mercury vapor lamps, and sodium lamps are called
high-intensity discharge (HID) lamps. They are able to provide better
efficacy and longer life than fluorescent lamps. They are commonly used
in high-bay lighting for industrial applications, outdoor floodlighting,
and street lighting.

Mercury vapor lamps (Fig. 7.5) use a mercury arc tube and a filament
in the same envelope coated with a fluorescent material. They have an
efficacy of about 30 to 55 Im/W, which is lower than other HID lamps. They
have a longer life than the other HID lamps and are therefore preferred
for high-bay applications in areas where lamp replacement is difficult.

Metal halide lamps (Fig. 7.6) are the basic mercury vapor lamp with
iodides of metals added to them. They have a higher efficacy than mer-
cury lamps (about 95 Im/W) and produce a higher quality of light.

There are two types of sodium lamps, namely, high-pressure sodium
lamps (Fig. 7.7) and low-pressure sodium lamps (Fig. 7.8). High-pressure
sodium lamps have a ceramic arc tube with a clear outer envelope. They
have a higher efficacy than metal halides and mercury vapor lamps.
They also have better color rendering than low-pressure sodium lamps
and are generally used for street lighting, industrial lighting, and
floodlighting.
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Figure 7.5 Mercury lamp. (Courtesy
of Philips.)
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Figure 7.7 High pressure sodium lamp. (Courtesy of Philips.)
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Figure 7.8 Low-pressure sodium lamp. (Courtesy of Philips)

Low-pressure sodium lamps consist of a U-tube containing the discharge
and an outer thermal jacket. They have a high efficacy (over 150 Im/W)
but produce light only in the yellow part of the spectrum. Therefore, these
lamps are generally used only for outdoor applications such as street
lighting and security lighting.

The main advantages of HID lamps are that they are compact sources that
can produce large amounts of lumens and are available in a wide range of
wattages. However, they have a warm-up time and therefore take a few min-
utes to reach the full light output. They also cannot be restarted for a few
minutes after switching off as they need to cool down before starting.

7.4 Lighting Levels

The lighting level or lux level required for a space depends on the type of
space, tasks performed in the space, and other visual requirements.
General guidelines for the illuminance range for different applications
that need to be used when designing of lighting systems are available in
lighting reference books and codes of practice. A summary of recommended
lighting levels for some common building spaces are given in Table 7.6.
The lighting levels given in Table 7.6 are used generally as a guide-
line to ensure that lighting levels provided are adequate for the specific

TABLE 7.6 Recommended llluminance Levels

Recommended
Type of area Illuminance (lux) design value (lux)
General offices, conference 300-750 500
rooms, computer workstations

School classrooms 200-500 300
Shops, departmental stores 300-750 500
Supermarkets 500-1000 750
Hospitals 200-500 300
Lobbies, corridors 100-200 150
Hotel rooms:

General 75-150 100

Local 200-500 300
Car parks:

Parking areas 10-20 15

Entrance 50-300 100




192 Chapter Seven

tasks to be performed while preventing unnecessary wastage of elec-
tricity due to excessive lighting levels.

7.5 Lighting Power Density

The amount of electricity used for lighting also depends on the type of
lighting used (efficacy) and other lighting design criteria such as the type
of luminaries used, location and spacing of luminaries and whether
reflectors or covers are used. The overall efficiency of a lighting design
can be evaluated using the lighting power allowance (or lighting power
density) which is computed in W/m® or W/ft®.

ASHRAE Standard 90.1 prescribes two methods to determine com-
pliance for interior lighting. The simplest method of the two is the “build-
ing area method” where the gross lighted floor area is multiplied by the
allowable lighting power density in W/m® for a particular building area
type to determine the maximum allowable installed lighting power.

For offices, the maximum allowed is 10.8 W/m® (1 W/ft*) which can
easily be achieved using T8 lamps with electronic ballast. As a guide-
line, the lighting power density for office spaces, shops and car parks
should not exceed 10 W/m?, 20 W/m?®, and 5 W/m?, respectively.

7.6 Common Energy Saving Measures

Based on the lighting fundamentals and concepts explained earlier,
some possible energy saving measures that can be applied for lighting
systems are described next.

7.6.1 Reducing lighting levels

As explained earlier, the lighting level for a particular space depends on
the tasks to be performed in the space and other visual requirements
for the space. Generally, higher lighting levels lead to higher lighting
energy consumption. Therefore, lighting levels should be minimized
and maintained based on the recommended values in Table 7.6.

For new installations, this can be achieved through good lighting
design by optimizing factors such as lamp wattage, number of lamps,
and lamp spacing.

For existing installations where it is not cost effective to redesign light-
ing systems, other means such as delamping, use of task lighting, and
replacement of lamps can be considered to reduce energy consumption.

Delamping. Delamping involves removing one or more lamps from a fix-
ture (that has more than one lamp) in areas where the lighting level is
higher than required. Delamping could be done by simply removing
lamps from fixtures or by converting existing luminaries to use less
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number of lamps, which may involve using conversion kits with reflec-
tors and adaptors. The latter option, although more costly, is generally
preferred as simply removing lamps could sometimes give an impres-
sion of the building being poorly maintained. Delamping can be carried
out for areas such as offices, car parks, corridors, and toilets.

Use of task lighting. In many building spaces general lighting is provided
uniformly at a higher level so that the required lighting level can be
achieved on the work surfaces (Fig. 7.9). However, since the quantity of
light is inversely proportional to the square of the distance from the light
source (inverse square law), a more intense lighting level is required for
general lighting compared to task lighting to achieve the same lighting
level at the required area.

In general lighting applications savings can also be achieved by locat-
ing the ceiling fixtures directly over the work areas.

Replacing lamps. Another strategy is to replace high wattage lamps with
lower wattage lamps. For example, T12 lamps can be replaced with T8
lamps and T8 lamps can be replaced with T5 lamps. Although the lumen
levels for the higher efficacy replacement lamps may sometimes be lower,
the impact on the general lighting level is normally not noticeable.

Figure 7.9 Effective use of task lighting. (Courtesy of Philips.)
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7.6.2 Use of energy-efficient lamps

The amount of light emitted by a lamp per unit of electrical power con-
sumed is the luminous efficacy of a lamp. The units of luminous efficacy
are lumens/watt (Im/W). The higher the efficacy, the better the efficiency
of the lamp. Since different types of lamps have different efficacies,
lamps with low efficacy can be replaced with those having higher efficacy.

Incandescent lamps. Incandescent lamps have a low efficacy of about
10 to 15 Im/W and, therefore, are not energy efficient. They can be easily
replaced with compact fluorescent lamps (CFL), which have a much
higher efficacy of about 50 to 60 Im/W. In general, compact fluorescent
lamps consume only about 20 to 25 percent of the power consumed by
incandescent lamps to produce the same amount of light.

A comparison of power ratings for incandescent and compact fluorescent
lamps for producing equivalent illuminance levels is given in Table 7.7.

Compact fluorescent lamps also have a life span of about eight times
that of incandescent lamps (8000 hours compared to 1000 hours).
Although compact fluorescent lamps are costlier than incandescent
lamps, the extra cost can be normally paid back within about one to two
years of operation due to the lower energy consumption and longer life
span of these lamps.

Example 7.1 Calculate the simple payback period for replacing 100 nos. of 75 W
incandescent lamps with 15 W compact fluorescent lamps if they operate 24 hours
a day, seven days a week, and the electricity tariff is $0.10/kWh.

The lamp cost and lamp life are given below for the two types of lamps.

Incandescent 75 W Compact fluorescent 15 W

Unit cost ($) 1 15
Lamp life (hours) 1000 8000

Energy savings per lamp = (75 - 15) = 60 W
Energy savings per day = (60 X 100 X 24)/1000 kWh = 144 kWh/day
Annual energy savings = 144 X 365 X $0.10 = $5250

Payback period based purely on energy savings
= $(15 X 100)/$5,250
= 0.3 years (3.4 months)

TABLE 7.7 Comparison of Lamp Power for Incandescent
and Compact Fluorescent Lamps

Incandescent lamp 40 W 60 W 75 W 100 W
CFL IW 11W 15W 20 W
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Payback period taking into account longer lamp life:

Annual cost of incandescent lamps = $1 X (8760/1000) = $8.87
Annual cost of CFL = $15 X (8760/8000) = $16.43
Total additional cost = $(16.43 — 8.87) X 100 = $756
Payback period = 756/5250 = 0.14 years (2 months)

Linear fluorescent lamps. Linear fluorescent lamps are used for many
general applications such as offices, corridors, and car parks. These
lamps have an efficacy of 69 to 100 Im/W and are more energy efficient
than compact fluorescent lamps.

In the past, the linear fluorescent lamps used were T12 (40 W) lamps
(38-mm diameter), which have an efficacy of 69 Im/W. They have been
gradually replaced by the T8 lamps, which have a smaller tube diame-
ter (26 mm) and are more energy efficient (90 Im/W). Since T12 and T8
lamps have the same tube length, T12 lamps can be replaced with T8
lamps without having to replace the fixtures. Typically, a two lamp,
1200-mm long T12 luminaire with low-loss magnetic ballast will con-
sume about 86 W compared to 72 W for an equivalent T8 system.
Therefore, savings of about 14 W can be achieved in such applications.

Example 7.2 Estimate the daily electrical energy savings that can be achieved if
a 1200 mm (4 feet) long two lamp luminaire using T12 lamps is converted to use
T8 lamps. Take the operating hours to be 12 hours a day.

Energy savings per luminaire = (86 — 72) = 14 W
Energy savings per day = (14 X 12)/1000 kWh
= 0.168 kWh/day

The newer T5 lamps are even more compact (16 mm diameter) and
have an efficacy of about 100 Im/W. As such, T5 lamps should be con-
sidered as an alternative to T8 lamps for applications such as offices and
corridors. However, due to the shorter tube length of T5 lamps, they
cannot be directly fitted to existing T8 fixtures. Therefore, use of T5 lamps
should normally be considered for new installations rather than for
retrofitting existing fixtures. However, T5 lamps with integrated adap-
tors designed to fit into existing T8 fixtures for retrofit applications are
also currently available in the market.

High-bay. For high-bay lighting applications, such as warehouses, fac-
tories, large stores, and sports facilities, metal halide and high-pressure
sodium lamps should be used instead of mercury vapor lamps as they have
a higher efficacy. High-pressure sodium lamps are also able to produce a
fuller spectrum of light, which can help improve nighttime visibility.
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Similarly, for outdoor lighting, metal halides, high-pressure sodium
and, where acceptable, low-pressure sodium lamps can be used. Low-
pressure sodium lamps have an efficacy of about 175 Im/W, which is
higher than that of other types of HID lamps. However, since the light-
ing quality of low-pressure sodium lamps is not good, they are gener-
ally used only for outdoor security lighting and street lighting.

Example 7.3 Calculate the simple payback period for replacing 100 nos. of 600-
mm (2 feet) long T8 lamps with T5 lamps costing $30 each if they operate 24 hours
a day, seven days a week, and the electricity tariff is $0.10/kWh.

The power consumption and lamp life are given below for the two types of
lamps.

T8 T5
Power consumption of lamp 22 15
& ballast (W)
Lamp life (hours) 1000 8000

Energy savings per lamp = (22 — 15) = 7TW
Energy savings per day = (7 X 100 X 24)/1000 kWh = 16.8 kWh/day
Annual savings = 16.8 X 365 X $0.1 = $613.20
Total cost = $30 X 100 = $3000
Payback period = 3000/613.20 = 4.9 years

7.6.3 High-efficiency electronic ballast

Ballasts are used to start and operate fluorescent and HID lamps.
Ballasts provide the voltage necessary to strike the arc discharge and
to regulate current drawn by the lamp to maintain light output.

The two main types of ballasts are magnetic and electronic.
Conventional magnetic ballasts have a core of magnetic steel lamina-
tions surrounded by coil assemblies, while electronic ballasts have elec-
tronic components. These electronic ballasts (Fig. 7.10) operate at high
frequencies, between 20,000 and 60,000 Hz, which makes power-to-light
conversion more efficient than for magnetic coil ballasts. Electronic
ballasts are superior to magnetic ballasts because they are typically
30 percent more energy efficient. There are also improved versions of
the magnetic ballast called low-loss ballasts, which have lower losses due
to the design and construction of the core and coil assembly.

Fluorescent lamp ballasts operate typically as preheat, rapid start,
and instant start. In the preheat type operation, the lamp electrodes are
heated prior to application of the starting voltage to strike the arc. The
lamp flickers when starting in the preheat operation. In rapid start, the
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Figure 7.10 Typical electronic ballast. (Courtesy of Philips.)

electrodes are heated before starting and during operation. Usually,
starting is smooth compared to the preheat operation. In instant start,
lamp electrodes are not heated and the ballast provides a high open-
circuit voltage across the electrodes to strike the arc. The lamp life
tends to be shorter for this type of operation compared to rapid start.

Ballasts use energy during operation, which is called ballast losses.
Ballast losses vary depending on the type of ballast used. Magnetic bal-
lasts have the highest losses followed by low-loss and electronic ballasts.
In applications using magnetic or low-loss ballasts, the actual input
power is normally higher than the lamp rated watts. However, in appli-
cations using electronic ballasts, due to their lower losses, the total
system input power can be less than the lamp rated power.

A comparison of power consumption for a fixture consisting of two 36 W
lamps (1200 mm length) with different types of ballast is given in Table 7.8.

Example 7.4 Calculate the simple payback period for replacing 100 nos. of low
loss ballast with electronic ballast for an application using 36 W lamps if they oper-
ate 24 hours a day, 7 days a week, and if the electricity tariff is $0.10/kWh. Take
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TABLE 7.8 Comparison of Power Consumption
for a Fixture with Two 36 W Lamps

Ballast Watts Savings
Magnetic 84 —
Low loss 72 14%
Electronic 64 24%

the unit cost of electronic ballast to be $20 (supply and installation) and the saving
in power consumption to be 4 W per lamp.

Energy savings per day = (4 X 100 X 24)/1000 kWh = 9.6 kWh/day
Annual energy savings = 9.6 X 365 X $0.10 = $350.40
Total cost of ballast = $20 X 100 = $2,000
Payback period = 2000/350.40 = 5.7 years

7.6.4 Luminaires

Luminaires consist of lamps, ballast, lamp holders, optical devices, and
a housing. Optical devices normally consist of components such as reflec-
tors, lenses, or louvers to effectively deliver light to the space or work
plane. The optical efficiency of a luminaire depends mainly on the mate-
rial properties and geometry of the optical components.

Linear fluorescent lamps are the most commonly used lamps for gen-
eral lighting in commercial and industrial applications. Due to the cylin-
drical shape of linear fluorescent lamps, if reflectors are not used, about
half of the light emitted by them would be reflected on to the ceiling.
Therefore, various types of reflectors are used to improve the optical effi-
ciency of luminaries used in linear fluorescent lamps.

Most standard reflectors used in luminaries of fluorescent lamps have
a reflectivity of about 70 to 80 percent However, reflectors made of spe-
cial materials capable of improving the reflective effectiveness are avail-
able. These reflector materials have a mirror-like finish that allow better
redirection of light rays.

Some of the special reflector materials are anodized specular alu-
minum, having a total reflectivity of 85 to 90 percent, and vacuum-
deposited specular silver applied on a polyester surface, having a total
reflectivity of 91 to 95 percent.

Fluorescent luminaires can be retrofitted with such new reflectors,
often resulting in increased useable light, enabling building owners to
remove lamps and save energy while still maintaining acceptable light-
ing levels. In some applications, reflectors can be used to retrofit existing
luminaries to convert them from 4- to 2-lamp operation, thereby reduc-
ing the lighting energy consumption by about 50 percent.
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Maintenance can also impact the optical efficiency of luminaries, and
the light available in the space or at the working plane can be reduced
due to the accumulation of dirt, discoloring of lenses and reflectors, and
aging of lamps. Therefore, regular maintenance is required to maximize
the lighting levels by cleaning dirty lamps and fixtures, replacing faded
reflectors, lenses and lamps which are nearing the end of their useful life.

7.6.5 Lighting controls

Energy consumed by lighting can also be reduced by minimizing their
usage by better matching operations with demand through lighting con-
trols. Various systems such as timers, occupancy sensors, and light sen-
sors can be used to control lighting operations.

Timer schedules. Simple timers can be used to switch on and off all or
some lighting circuits at predetermined times based on occupancy sched-
ules. Provision for manual override can be incorporated into the controls
so that occupants can extend the operating hours of lighting circuits
based on individual requirements. Lighting control systems can consist
of simple timers that have 24-hour clocks to switch on and off lighting
daily at preset times, or more sophisticated timers that can be used to
program lighting schedules for a year or more, where holidays and other
special requirements can be programmed in advance. Often lighting
operating schedules can also be programmed into building automation
systems to control the operating hours of lighting.

Occupancy sensing. Occupancy sensors can also be used to switch on
lighting when a space is occupied and switch off the lighting after a
preset time delay when the space is not occupied. Typical applications for
occupancy sensors are in toilets, car parks, meeting rooms, storage areas,
and common corridors.

The two basic technologies used in occupancy sensing devices are
infrared and ultrasonic. Infrared sensors scan the area around them to
detect heat generated by occupants. They are ideal for small open areas
such as offices and classrooms. Ultrasonic sensors emit high frequency
sound waves to detect occupancy. They are generally used in large or
obstructed areas. Due to the relative advantages and disadvantages of
the two types of technologies, sensors that incorporate both types of
technologies are available with more effective sensing capabilities.

Light sensing. Making adequate use of natural light is another way to
reduce a building’s energy load (Fig. 7.11). Exterior and interior areas
of buildings, which are exposed to natural light, can have light sensors
to switch off or provide dim artificial lighting when sufficient natural
light is available. The daylight controls can be the open-loop type where
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Perimeter lights

Figure 7.11  Effective use of natural light. (Courtesy of Philips.)

the sensor detects available daylight or the closed-loop type where the
sensor detects available light at a work space.

7.6.6 Lighting energy saving devices

There are many energy saving devices, which help to reduce lighting
energy consumption. The design of these equipment vary from one to
the other but most contain transformers to reduce the voltage to a pre-
determined value after the lamps are switched on. This helps to reduce
the power drawn by the lighting, but result in a drop in lighting level.
These devices normally only work with lighting using magnetic or low-
loss ballasts.

Since reduction in voltage leads to a reduction in the current drawn,
the reduction in power consumption is proportional to the square of the
reduction in voltage. The reduction in the illuminance level is approxi-
mately proportional to the reduction in voltage.

Table 7.9 shows some typical data collected from a trial carried out
using a power saving device set at different voltage reduction levels.

TABLE 7.9 Results of Trial Carried Out with a Lighting Power
Saving Device

Voltage reduction 17% 21% 29%
Power (kW) reduction 32% 37% 51%
Lighting level (lux) reduction 19% 22% 31%
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Various tests have been conducted on such power saving devices,
including under the National Lighting Product Information Program
(NLPIP), which is sponsored by U.S. Environmental Protection Agency
(EPA), and other state organisations. Based on the report, lighting power
saving devices using transformers to reduce voltage are able to reduce
lighting power while lowering light output. The report states that bal-
last life can improve due to lowering of ballast temperature by power
saving devices and that there are no published reports documenting
their effect on lamp life at lower than rated power.

Fluorescent-lamp life can be affected by the lamp’s current crest factor
(CCF) and the electrode starting temperature. Since power saving
devices limit lamp current, they do not increase lamp CCF. As most
power saving devices also provide the normal voltage during starting,
they do not alter the starting temperature. Therefore, power saving
devices are not expected to have a significant impact on lamp life if the
voltage is not reduced significantly.

Since power saving devices normally need to be installed at the light-
ing DBs (distribution boards), they are generally used on lighting cir-
cuits that have many lamps on a single circuit. They are ideal for car
park lighting systems because they tend to have all the lighting on a few
circuits and also because they are able to accept the reduction in light-
ing levels associated with such devices. Care should be taken to ensure
that nonlighting loads are removed from lighting circuits to prevent
possible damage to equipment when operating at lower voltage.

7.6.7 Daylighting

Sunlight falls on the exterior surfaces of most buildings even on cloudy
days. This natural light can be captured through daylighting techniques
to illuminate interior spaces of buildings and help reduce the energy con-
sumption of artificial lighting.

Hundreds of years ago when artificial light sources were not available,
daylight was the only efficient light source available and one of the
main goals of architecture was to have large openings to bring natural
light into buildings. With the availability of efficient artificial lighting
systems, capturing daylight has become less important in modern build-
ing architecture.

However, as artificial lighting accounts for a significant portion of
electrical energy consumed in buildings, daylighting techniques can be
incorporated into building architecture to make buildings more energy
efficient.

Daylighting strategies incorporated into building designs depend on
factors such as the availability of natural light (building latitude), cli-
mate, presence of obstructions, and building shape.
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For example, high latitude areas have distinctive summer and winter
climates with appreciable variation in seasonal daylight levels com-
pared to lower latitudes where daylight levels do not have much seasonal
variation. Therefore, in high latitudes when winter daylight level is
low, the building design objective is to maximise daylight penetration
as opposed to restricting daylight penetration into buildings at low
latitudes.

In most situations, other structures in the surrounding area obstruct
natural light. Sometimes, building features can also act as obstructions
and the design needs to take into account such obstructions to maximise
the use of daylight.

The shape of buildings also affect daylighting strategies. For instance,
the daylighting needs of a particular building may be satisfied with
conventional windows whereas another may require more complex
design features.

Some common daylighting features used in buildings to maximise
the use of natural light are windows, skylights, light shelves, and light
tubes.

Windows. Windows are the most commonly used daylighting feature
in buildings. They are able to bring daylight into the perimeter areas
of buildings. The amount of daylight transmitted depends on factors
such as the window size, orientation, and material properties. To pre-
vent direct solar radiation from being transmitted into buildings, selec-
tive window coatings, blinds, or other shading devices can be used.

Skylights. Skylights are transparent areas of a roof, provided to allow
daylight to enter a space. They can range from small windows on the
roof to the entire roof of atrium areas. Skylights can be constructed
using glass or special materials that can help diffuse the light entering
a space while preventing transmission of direct sunlight, as shown in
Fig. 7.12.

Skylight on Skylight on \

the roof the roof ~Na
Direct sunlight
into space Diffuse
light into
space

Figure 7.12  Skylights with normal and special materials.
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Figure 7.13 Arrangement of a typical light shelf.

Light shelves. Alight shelf (Fig. 7.13) is a passive architectural feature
that consists of a horizontal reflecting surface that permits daylight to
enter into a building. Light shelves help to prevent direct sunlight from
entering a space by reflecting sunlight onto the ceiling, thereby mini-
mizing glare and increasing the lighting level in the space. They work
best at high solar angles but can be extended inwards at low angles to
capture the direct rays.

Light tubes. Light tubes and light pipes have internal light reflecting
surfaces that help to transmit natural light into the interior spaces of
buildings to minimise the use of artificial lighting. Figure 7.14 shows
the arrangement of a typical light tube.

7.7 Summary

Typically, lighting accounts for more than 20 percent of the electrical
energy consumption in commercial buildings. In air-conditioned build-
ings they also indirectly account for some of the power consumed by

Direct solar radiation

<+— Roof

<+— Light tube

Figure7.14 Arrangement of a light
tube.

¥ ¥ ¢ «—Diffuse light
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air-conditioning systems as the heat added by lighting has to be
removed by building cooling systems. Therefore, lighting systems need
to be designed to be efficient to ensure the overall energy efficiency of
buildings.

The chapter provided a description of the types of lighting used in
buildings with definitions of some important terms. Thereafter, various
energy saving measures relating to building lighting systems, such as
optimizing lighting levels, improving lighting system efficiency, lighting
controls, and daylighting were described.

Review Examples

7.1. In an office space, lighting is provided by 150 nos. of T8 lamps on a single
lighting circuit. Each luminaire has three lamps and uses a magnetic bal-
last. The lighting level measured at the working space is on an average
700 lux.

Describe three possible energy saving measures for this application.

7.2. Describe three lighting control strategies that can be used to minimize
lighting energy consumption in buildings. For each strategy, list two pos-
sible applications.

7.3. Calculate the simple payback period for replacing 1000 nos. of 60-W
incandescent lamps with 11-W compact fluorescent lamps, based on the
following:

Unit cost of 11-W compact fluorescent lamp = $12
Unit cost of 60-W incandescent lamps = $1
Compact fluorescent-lamp life = 8000 hours
Incandescent-lamp life = 1000 hours

Operating hours = 12 h/day X 5 days a week
Electricity tariff = $0.10/kWh

7.4. Calculate the simple payback period for replacing 100 nos. of 1200-mm
(4 feet) long T8 lamps with T5 lamps, based on the following:

Unit cost of T5 (lamp + fixture) = $40
Operating hours = 24 h/day X 7 days a week
Electricity tariff = $0.10/kWh

Power consumption of T8 lamp = 40 W (lamp + ballast)
Power consumption of T5 lamp = 28 W (lamp + ballast)
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7.5. A particular luminaire has two 36-W lamps using a single magnetic bal-
last. Calculate the simple payback period for replacing the magnetic bal-
last with an electronic ballast, based on the following:

Unit cost of electronic ballast = $20 (supply and installation)
Operating hours = 24 h/day X 7 days a week

Electricity tariff = $0.10/kWh

Power consumption per luminaire with magnetic ballast = 84 W

Power consumption per luminaire with electronic ballast = 64 W
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Building Electrical Systems

8.1 Introduction

Building electrical systems comprise of transformers, distribution sys-
tems, switchgear, control panels, and motors. Most of the electrical energy
consumed in buildings is accounted for by motors, which are used for oper-
ating equipment such as the air-conditioning plant, pumps, elevators, and
fans. Office equipment such as computers, printers, copiers, and lighting
account for most of the balance electrical energy used in buildings.

Utility companies, which supply electricity, charge for electrical energy
consumed in kWh. The tariff paid for each unit of kWh used can be fixed
rate, tiered (peak, off-peak, shoulder, and so on), or based on the time
of day. Depending on the tariff structure, utility companies also charge
for the maximum power demand (kW) and power factor.

For totally resistive loads, electrical power is the product of voltage
and current used.

Power = voltage X current (8.1)

The basic unit of power is watt (W) and is normally measured in kilo-
watts (kW), which is 1000 watts. Voltage is measured in volts (V) and
current in amperes (A).

Electrical energy is power used over a time and is the product of power
and time.

Electrical energy = power X time (8.2)

Therefore, electrical energy of 1 kWh is 1 kW used over one hour.
In circuits that have inductive elements such as motor windings, trans-
former windings, and fluorescent lamp ballasts, there are two components

207
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Apparent power (kVA)

Reactive power
(kVAr)

»
»

Figure 8.1 Vector diagram for
Active power (kW) power.

of power. One is the actual power absorbed by the component to do useful
work, called real power (or active power), and the other is the reactive
power used for magnetizing the magnetic elements. The apparent power
1s the vector sum of the reactive and active power and is normally com-
puted in kVA (product of volts and amperes divided by 1000).

Power factor i1s the ratio of active power to the apparent power, as
shown in Fig. 8.1. The power factor ranges from zero to 1.0. The high-
est power factor of 1.0 1s achieved if there is no reactive power, as in the
case of totally resistive loads.

active power (kW)
apparent power (kVA) (8.3)
Therefore, Power kW = kVA X cos 0

Power factor = cos 6 =

The power factor for a building depends on the different equipments
and systems used in that building. In the case of motors, the power factor
can also vary with the load applied on the motor. Utility companies usu-
ally penalize consumers if the overall power factor is below a certain
value.

The different aspects of how electricity charges paid to utility com-
panies can be lowered by reducing electrical energy usage (kWh), max-
imum power demand (kW), and improvement of power factor are
described in the following sections of this chapter.

8.2 Efficiency of Motors

Efficiency is the measure of how well an electrical device converts the
power consumed into useful work. Some devices like electric heaters can
convert 100 percent of the power consumed into heat. However, in other
devices such as motors, the total energy consumed cannot be converted
to usable energy as a certain portion is lost and is not recoverable
because it is expended in the losses associated with operating the device
(Fig. 8.2). Therefore, it is necessary to provide more than 1 kW to pro-
duce 1 kW of mechanical output.

powergur
powerin

Motor efficiency is m = (8.4)
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Powery C] Poweroyr Figure 8.2 Definition of motor

Motor efficiency.

As shown in Fig. 8.3, the largest single loss in a motor is the stator
resistance loss (Stator I°R) followed by the rotor resistance loss (Rotor
I’R). These are followed by the core losses (hysteresis and eddy cur-
rent) resulting from the cycling magnetic forces within the motor. Other
motor losses are friction loss from bearings, windage loss due to drag
during rotation and motor cooling, and stray losses.

The efficiency of motors depends on size, and normally ranges from
about 78 to 93 percent for standard efficiency motors. In addition to these
standard motors, some motor manufacturers also produce premium effi-
ciency motors, which operate at efficiencies about 3 to 7 percent higher
than the standard designs.

In these energy efficient motors, losses are reduced by:

m Use of wire with lower resistance
® Improved design of the rotor electric circuit

®m Higher permeability in the magnetic circuits of the stator and rotor

Use of thinner steel laminations in the magnetic circuits
® Improved shape of the steel stator core and rotor magnetic circuits
®m Smaller gap between stator and rotor

® Internal fan, cooling fins, and cooling air passages designed to reduce
the cooling power requirement

m Use of bearings with lower friction

Copper (I2R) _: Stator loss
loss 58%

Rotor loss

Core (Iron) Eddy current loss
loss 12% —

Hysteresis loss

Friction and External fan windage

windage loss Internal fan windage
14% L Bearing, grease, loading spring

Surface loss due to current
Stray losses )

Harmonics
15%

Leakage flux

Figure 8.3 Losses in a typical motor.



210 Chapter Eight

100
Premium efficiency
95 \A
>
o
c
0
£ 90 1
5} <+«—— Standard efficiency
3
o
£ 85|
R
80 -
75
1 5 10 50 100 200

Motor horsepower

Figure 8.4 Efficiency of standard and premium efficiency motors.

Figure 8.4 shows the comparison of full-load operating efficiency for
typical standard and premium efficiency motors. For motors over 7.5 kW
(10 Hp), the improvement in efficiency possible from premium efficiency
motors is 3 to 5 percent. Since the improvement achievable in efficiency
is only a few percent, it is normally not economically viable to replace
an existing motor with a premium efficiency motor merely based on
savings. However, in case of new installations or motor replacements,
premium efficiency motors should be considered in place of standard
ones as the savings can normally pay for the incremental cost of the
higher efficiency motors.

The following example illustrates how savings can be estimated for a
case where a standard efficiency motor is to be replaced with a pre-
mium efficiency motor.

Example 8.1 Consider an 18.7 kW (25 Hp) motor functioning at 88 percent effi-
ciency (standard efficiency), operating 24 hours a day 365 days a year. Calculate
the savings that will result if it is replaced with a (premium efficiency) motor func-
tioning at 93 percent efficiency.

Using Eq. (8.4) for the motor, Powerpy = bowetour
M
Therefore, Energy saved in kWh = motor kW
. 1 1
X operating hours X |[— — —
nms  "Mp
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where mg = efficiency of standard motor and np = efficiency of premium
motor

1 1
0.88 0.93} kWh/year

= 10,008 kWh/year

Annual electrical saving = 18.7 X 24 X 365 {

In addition to the full load efficiency of motors, the operating efficiency
of motors also depends on their loading. Figure 8.5 shows a typical
motor characteristic curve, which relates the motor efficiency to its load-
ing. As the figure shows, motor efficiency is close to its full load efficiency
when loaded above 40 percent, but drops significantly if the motor is
loaded lower than this value. Therefore, if a motor is loaded to less than
about 40 percent, it would be a good candidate for replacement with a
correctly-sized motor. However, care should be taken to ensure that the
replacement motor can meet the starting torque required for the par-
ticular application, as in some instances motors are oversized to over-
come a high starting torque.

Example 8.2 The rated efficiency of a standard 55 kW motor used for a water
pump is 90 percent. When the pump is operating at its full load condition the power
drawn by the motor is measured to be only 9 kW. Using Fig. 8.5, estimate the
actual motor operating efficiency. If the pump operates 24 hours a day, estimate

100

90 1 Premium efficiency

—~

80
70 4 Standard efficiency
60 A
50 A

40

% Efficiency

30 A
20 -

10 -

0 20 40 60 80 100
% Qutput horsepower

Figure 8.5 Motor efficiency versus loading.
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the amount of electrical energy that can be saved if the pump motor is replaced
with a smaller capacity motor.

The estimated loading of the motor is 9/55 = 16 percent
From Fig. 8.5, the motor operating efficiency is expected to be about 5 percent.
Based on this motor efficiency, motor output power = 0.55 X 9 = 5 kW

If a 5.5 kW motor is used for this application, the expected motor efficiency (from
Fig. 8.4) is about 85 percent.

The input power for the new motor = 5.5/0.85 = 6.5 kW
Therefore, electrical energy saved = (9 — 6.5) X 24 = 60 kWh/day.

8.3 Variable Speed Drives

Many building systems are designed to operate at maximum load con-
ditions. However, most building systems operate at their full load only
for short periods of time. This often results in many systems operating
inefficiently during long periods of time. Most such inefficient operations
in buildings are encountered in air-conditioning systems that are nor-
mally sized to meet peak load conditions, which are experienced only for
short periods of the day.
Some examples of such operations are:

® Chilled water and hot water distribution pumps
® Cooling tower fans
® Air handling unit fans

m Ventilation fans

As explained in earlier chapters, the efficiency of such systems can be
improved by varying their capacity to match actual load requirements.
As all the above are variable torque applications, the power required (to
drive the pumps or fans) varies to the cube of the speed and, therefore,
large power reductions result from small reductions in speed. The most
common method is to modulate the speed of the motors of pumps and
fans to vary their capacity using variable speed drives (VSDs).

The most commonly used motor in buildings today is the three-phase,
asynchronous AC (alternating current) motor, which is both inexpensive
and of very reliable construction. Ordinary asynchronous AC motors are
designed to make the operating speed dependent on the frequency and
the voltage connected to the motor. For example, when the mains supply
1s 400 V and 50 Hz, a four-poled asynchronous AC motor operates at an
approximate speed of 1500 rpm.

AVSD [sometimes called a variable frequency drive (VFD)] is an elec-
tronic unit that provides infinitely variable control over the speed of
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Figure 8.6 Configuration of a typical VSD.

three-phase AC motors by converting fixed mains voltage and frequency
into variable quantities. It has no moving parts and uses a rectifier that
1s connected to the mains supply to generate a pulsating DC voltage and
direct current, which is then passed to an inverter to generate the fre-
quency of the motor voltage.

The configuration of a typical VSD is shown in Fig. 8.6. The main com-
ponents of a VSD are the rectifier, inverter, intermediate circuit, and con-
trol circuit. The main functions of each component are listed here.

Rectifier. Converts the AC to DC (direct current).

Intermediate circuit. Stabilizes or smoothens the pulsating DC voltage
and reduces the feedback of harmonics to the mains supply.

Inverter. Converts DC voltage back into variable AC voltage with a
variable frequency.

Control circuit. Controls the VSD, enables exchange of data between
VSD and peripherals, gathers and reports fault messages and carries
out protective functions of the VSD.

8.4 Power Optimizing Devices

Various power optimizing devices, which are essentially “black boxes,”
are available in the market. They generally contain electronic circuits
that monitor parameters such as motor load and power factor and con-
tinuously adjust the power supply to the motor to minimize consumption.

Tests carried out on some devices have shown that they are able to
save on motor power consumption on variable torque applications, such
as fans, pumps, and escalators. Comparison of VSDs with such devices
indicate that the former is able to provide much higher savings for
applications, such as pumps and fans, where the speed can be varied to
match load conditions.
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Tests with constant air volume (CAV) AHUs, where fan speed cannot
be modulated, showed that power optimizing devices are able to achieve
energy savings. The actual savings achieved depended on the motor
loading. For motors loaded to only 60 to 70 percent of the rated capac-
ity, energy savings of over 20 pecent was achieved.

For escalators, tests showed that power savings of about 10 percent
1s achievable. Since for escalators the actual motor power consumption
is low (average 3 kW to 4 kW), the value of savings achieved may not
financially justify the installation of such devices.

8.5 Transformer Losses

Transformers are equipment used to change the voltage of alternating
current supplies. Normally, buildings are supplied electricity from the
grid at high voltages such as 66 kV and 33 kV. The supply voltage,
therefore, has to be reduced so that equipment in the building can make
use of the electricity supplied.

Transformers consist of a primary winding and a secondary winding
(Fig. 8.7). The primary winding is connected to the power source while
the secondary winding is connected to the load. Electrical energy is
transferred by induction and the ratio of primary voltage to secondary
voltage is proportional to the number of turns of primary winding to the
number of turns of secondary winding. Therefore, transformers can be
step-down or step-up depending on whether the secondary voltage is
lower or higher than the primary voltage.

There are two basic types of transformers, namely, dry type and liquid
filled. In dry type transformers cooling is achieved through the free
movement of air, while liquid filled transformers use a liquid to act as
coolant and as an insulation dielectric.

Transformers are generally efficient and have low energy losses. The
losses are normally about 1 to 2 percent of transformer capacity and
depend on transformer type and size. Transformer losses are mainly due
to copper losses, eddy current losses, and hysteresis losses.

These transformer losses can also be categorized into core losses
(no-load losses) and coil losses (load losses), as shown in Fig. 8.8. The
core losses originate in the steel core of the transformer, caused by the

]
—  Secondary
— winding

Primary J
winding ]

\ Figure 8.7 Simplified arrange-
Iron core ment of a transformer.
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Figure 8.8 Transformer losses.

magnetizing current needed to energize the core. They are constant, irre-
spective of the load on the transformer. They continue to waste energy
as long as the transformer is energized. Coil losses originate in the pri-
mary and secondary coils of transformers due to the resistance of wind-
ing materials.

Coil losses are due to power dissipated in the form of heat caused by
the resistance of the conductor. The amount of power dissipated is
directly proportional to the resistance of the conductor and the square
of current flowing through it (I’R).

No-load losses due to the magnetizing current, used to energize the
core of the transformer, can generally be categorized into hysteresis
losses, eddy current losses, I’R losses due to no-load current, stray eddy
current losses, and dielectric losses. Hysteresis losses and eddy current
losses contribute the most and account for about 99 percent of the no-
load losses, while stray eddy current losses, dielectric losses, and I’R
losses due to no-load current account for the rest.

Hysteresis losses come from the molecules in the core laminations
resisting being magnetized and demagnetized by the alternating mag-
netic field. This resistance by the molecules causes friction, which results
in heat. The Greek word, hysteresis, means “to lag” and refers to the fact
that the magnetic flux lags behind the magnetic force. Choice of size and
type of core material reduces hysteresis losses.

Eddy current losses occur in the core of the transformer due to the fluc-
tuating magnetic field and induced voltage, which cause random currents
to flow through the core dissipating power in the form of heat. Hysteresis
losses are losses associated with magnetic domains of the core material.

Transformers are often sized based on expected demand, which far
exceed actual load. Since the no-load loss is a function of the kVA capac-
ity of the transformer and continue as long as the transformer is ener-
gized, transformers should be selected to better match actual load
requirements. In situations where transformer capacity exceeds demand
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but the transformers have already been selected and installed, it may
be possible to de-energize some transformers to minimize no-load losses.
The no-load losses for transformers over 500 kVA is estimated to be
about 0.3 percent of the rated capacity.

Example 8.3 A building uses one 750 kVA and three 1000 kVA capacity trans-
formers. If the maximum total building load is measured to be 2500 kVA, estimate
the electrical energy savings that can be achieved if the 750 kVA transformer is
de-energized. Assume, the average power factor to be 0.9.

If the no-load losses are taken to be 0.3 percent, the savings by de-energizing
the 750 kVA transformer

no-load kVA losses X power factor X operating hours

= (750 X 0.3%) X 0.9 X 24 X 365 = 17,739 kWh/year

8.6 Elevators

Elevators can account for a significant portion of the electrical energy
consumption in high-rise commercial buildings. In air-conditioned build-
ings, elevators typically account for more than 5 percent of the total con-
sumption. The two main types of elevators are hydraulic type, which
have hydraulic systems to provide movement, and traction type eleva-
tors, which use wire ropes pulled over sheaves driven by a motor.
Traction elevators have counterweights linked to the elevator cab by a
pulley system so that the counterweight lowers when the elevator cab
rises and vice versa. This helps to reduce the weight to be lifted.

In elevators, energy is primarily consumed by the elevator motor,
brake system, lights, and ventilation fans. The elevator motor generally
consumes the most amount of power. However, under certain operating
conditions the elevator motors can operate in regenerative mode, such
as when the weight of the elevator cab and passengers is less than the
weight of the counterweight when traveling up.

The electrical energy consumption of elevators depend on factors such
as the type of motor drive used, the number of starts (door openings), car-
rying capacity, building height, and building occupancy. Data available
from studies of elevators used in mid- and high-rise buildings indicate
that average consumption of elevators range from about 5 to 40 kWh/day.

Some energy saving measures for elevator systems are listed below.

Type of elevator. Hydraulic elevators are sometimes used in low-rise
buildings due to lower cost. However, they are less efficient than traction
elevators and consume about three times the amount of energy con-
sumed by traction elevators for the same application. Therefore, for new
installations in low-rise buildings and when replacing hydraulic eleva-
tors, traction elevators should be considered instead of hydraulic ones.
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Type of drive. Old inefficient traction elevators use motor-generators as
DC power sources compared to the later more efficient units that use
solid state variable voltage (VV) and variable frequency (VF) drives
with permanent magnet motors instead of induction units. The most
modern systems, which convert line power to variable voltage, variable
frequency (VVVF) to suit load and speed, are more energy efficient and
should be considered for new installations and retrofits.

Regeneration. Traction elevators have counterweights that weigh about
the equivalent of the weight of the elevator cab and half of its maximum
load to help reduce the weight to be lifted by the elevator motor. Therefore,
an empty elevator needs energy to descend (to overcome the counter-
weight) while a full elevator needs energy to ascend.

Similarly, an empty elevator ascending or a full elevator descending
has potential energy that needs to be dissipated. In older elevators, this
potential energy is dissipated in the form of heat in resistor banks.
However, newer elevators are able to feed this regenerative power back
into the building electricity distribution system, which helps to reduce
the amount of electricity drawn from the mains supply. The amount of
energy savings that can be achieved with regenerative systems depends
on many factors but, typically, they are able to save as much as 30 per-
cent compared to a geared traction system.

Controls. Modern elevator control systems can range from simple
programs to schedule the turning on or off of all or some elevators
during low usage periods to sophisticated systems that can “learn” from
operations to position at specific locations based on usage patterns and
the time of day. This helps to reduce waiting time for users and the dis-
tance traveled by elevators (to reduce energy consumption). Some
sophisticated systems are even able to use control algorithms to optimize
energy usage by considering the potential energy available from the
counterweights of the different cabs based on their location. The savings
achievable by using advanced control systems is estimated to be about
5 percent.

Lights and ventilation fans. One of the most basic energy saving meas-
ures is to program the control system to switch off lights and ventila-
tion fans of elevators when they are not in use.

Another energy saving strategy is to use more efficient lighting systems
for elevator cabs. Typically, elevator cabs use halogen and incandescent
lamps, which result in a lighting power density of about 50 W/m?
(compared to about 10 W/m? for typical office areas). As an alternative,
compact fluorescent lamps can be used for this application and the
power density can be lowered to between 10 and 15 W/m?.
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Reducing capacity. In some buildings, due to reasons such as change in
occupancy, the capacity of lifts can be much higher than necessary. For
example, if a building initially designed for industrial use with eleva-
tors of capacity 10 tons each is converted for normal office use, the
capacity of the elevators need to be only about 1 ton each. In such a sit-
uation, the elevators can result in much energy wastage due to the need
for moving a cab that is much larger (heavier) than required and the
need to overcome the extra weight of the counterweight designed for the
original 10 ton capacity.

Energy savings can be achieved in such cases by replacing the eleva-
tor with a smaller capacity one or by reducing the counterweight (and
capacity of the elevator).

8.7 Maximum Demand Reduction

Maximum demand for a building is the maximum power drawn from the
grid in kW. The electrical demand is usually calculated by averaging the
integrated power demand over a fixed interval (normally 30 minutes)
using a maximum demand meter (Fig. 8.9). This computation is per-
formed continuously for the same fixed time interval. If the maximum
demand during a particular time period is lower than the previous
value, the meter retains the previous reading. However, if the new read-
ing is higher than the previously recorded highest maximum demand,
then the new value is retained. The maximum value remaining at the
end of a month is taken as the maximum demand for the building for
that month.

Utility companies charge consumers for the maximum demand as
their power generating equipment, distribution cabling, and switchgear
need to be sized to satisfy the maximum demand requirements of the
end users. For example, if a consumer has high power demand for a short

A Average power demand
Maximum demand = A Power demand curve
Maximum value of 1/2 WP “M ¢
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Figure 8.9 Maximum power demand.



Building Electrical Systems 219

period of time during the day compared to the demand during other peri-
ods of time, the utility company would still need to invest in additional
infrastructure to meet this demand even though it is only required for
a short period of time. Therefore, to compensate for this and to encour-
age consumers to reduce power demand, utility companies charge based
on maximum demand.

Maximum demand charges paid depend on the actual tariff struc-
ture and can represent a significant portion of the utility bill. Therefore,
considerable savings can be achieved by reducing the maximum power
demand.

8.7.1 Load factor
The load factor is the ratio of average load to peak load during a spe-
cific period of time, expressed as a percentage.

d d (k
Load factor — average power demand (kW)

maximum power demand (kW)

_ kWh for month 8.5)
maximum demand for month X 24 X no.of days in month '

The load factor indicates to what degree energy has been consumed
compared to the maximum demand or the utilization of units relative
to total system consumption. The highest achievable load factor is 100
percent. Normally, the load factor for most buildings range from about
50 to 70 percent. Typical office buildings and retail malls, which oper-
ate about 10 to 12 hours a day, have a load factor of 50 percent, while
hotels and industrial establishments, which operate 24 hours a day,
normally have load factors over 70 percent.

Although the load factor depends on the operating characteristics of
systems and the operational requirements, if the actual load factor is
much lower than these approximate values, it is generally a good indi-
cator of potential for reducing maximum demand.

The maximum demand for buildings can be reduced in different
ways depending on the load characteristics of the building. They can
be normally categorized into three demand management strategies—
peak shaving, load shifting, and energy management—as illustrated
in Fig. 8.10.

8.7.2 Peak shaving

Peak shaving (sometimes called peak clipping) involves reducing the
maximum demand of a building. This strategy involves switching off
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Figure 8.10 Demand management strategies.

equipment and systems that are considered to be nonessential during
the period that a building experiences maximum power demand. The
loads switched off are those such as ventilation fans, CAV AHU fans, and
lighting which does not cause an increase in demand once they are
switched on. Peak shedding can be achieved by the building’s energy
management system (EMS) by programming it to switch off equipment
progressively, based on preset priority, as the building approaches its
maximum demand. In addition to the priority set on the EMS for each
of the equipment that can be switched off, other criteria such as the max-
imum duration (for switching off) and the maximum number of times
they can be switched off can also be programmed on the EMS to avoid
discomfort to occupants and to minimize wear and tear on equipment.

8.7.3 Load shifting

This load management strategy is similar to peak shaving as it involves
switching off loads during peak period. However, the main difference in
load shifting is that when it switches off equipment during peak peri-
ods, it 1s shifting this load to either before or after the peak demand
period. Some examples can be switching off fans of VAV AHUs or turn-
ing off a chiller during the peak demand period, which then have to
“work harder” when they are switched on later to meet the building’s
cooling requirements.

Another possible load shifting strategy is to use a thermal storage
system for cooling, which can store either chilled water or ice produced
during nonpeak periods and using it to cool the building during periods
of peak demand. This enables either switching off all chillers or some
chillers during peak periods to reduce maximum demand.

Other opportunities for load shifting also exist in situations where
intermittent loads are encountered. An example of how maximum
demand can be reduced by controlling the operation of loads that nor-
mally operate intermittently is illustrated in Fig. 8.11.

Example 8.4 An office building experiences a maximum power demand of 1200 kW
in the mornings between 8.00 and 8.30 a.m. due to the switching on of the cen-
tral air-conditioning system at 8.00 a.m. Thereafter, the power demand for the
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Figure 8.11 Illustration of demand reduction for intermittent
loads.

entire day remains less than 900 kW. The total average electrical energy con-
sumption for the building is 9000 kWh a day.

A trial carried out by the building management personnel shows that the
building’s maximum power demand can be maintained below 900 kW through-
out the day if the central air-conditioning system is switched on earlier, at 7.30
a.m., with one less chiller operated over a longer period to cool the building.
However, the total electrical consumption for the building increases to 9300 kWh
a day.

Estimate the annual cost savings that can be achieved by switching on the air-
conditioning system at 7.30 a.m. if the building operates 250 days of the year. Take
the electricity tariff to be $0.10/kWh and the demand charge to be $1/kW (per
month).

Saving in demand charges = (1200 — 900) X $10 = $3000/month = $36,000/year
Extra cost for consumption = (9300 — 9000) X $0.10 = $30/day

= $30 X 250 = $7500/year
Net cost savings = (36,000 — 7500) = $28,500/year

8.74 Energy management

Energy management involves energy conservation and improving
energy efficiency of a facility to reduce the power demand and energy
consumption. As Fig. 8.6 shows this strategy helps not only to reduce
the maximum demand but also to reduce the power demand at all times.
As described in the earlier chapters, this is achieved by implementing
various energy management and energy efficiency strategies.
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8.8 Power Factor Correction

As explained earlier, power factor is the ratio of active power to the appar-
ent power. The power factor ranges from zero to 1.0. The highest power
factor of 1.0 is achieved if there is no reactive power, as in the case of
totally resistive loads.

Electrical loads in commercial buildings and industrial facilities are
not totally resistive and the reactive power component can be significant.
Although only real power is consumed, the utility company has to make
available the consumer the total power requirement made-up of both the
real power and reactive power. Since reactive power constitutes an extra
load on the power transmission and distribution system, utility com-
panies penalize consumers if their power factor is low.

For utility companies this leads to extra load on the power transmis-
sion and distribution systems, leading to the need for higher capacity
power plants, transmission cables, and switchgear. For consumers, low
power factor results in overloading of equipment and higher energy
losses due to higher current flow. Therefore, power factor should be as
close as possible to unity and, generally, values above 0.9 are considered
to be good.

Power factor can be improved by installing capacitors in parallel to
reduce the reactive power. The power factor correction can be static cor-
rection, where capacitors are connected at each starter (Fig. 8.12) or bulk
correction, where capacitors are connected at the distribution boards
(Fig. 8.13). The effect of adding capacitors to reduce the power factor is
illustrated in Fig. 8.14.

. active power (kW)
S , P factor = = 0 8.6
ince, Power factor apparent power (KVA) cos (8.6)

and 0, < 0,

cos 0, > cos 0, (power factor is higher).

Supply D Motor

Capacitors

Figure 8.12 Static power factor
correction.
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Transformer

Capacitor Capacitor
bank bank

Figure 8.13 Bulk power factor correction.

Example 8.5 Consider a circuit that has active power of 1.5 kW, line current of
10 A, and line voltage of 240 V. Calculate the kVAr rating of a suitable capacitor
that should be added to increase the power factor to 0.9.
Before (refer to Fig. 8.15):
Apparent power = 240 X 10 VA = 2.4 kVA
Power factor, cos 6, = 1.5/2.4 = 0.625
0, = 51.3°
Reactive power = tan(51.3°) X 1.5 = 1.87 kVAr
After (refer to Fig. 8.15):
From Eq. (8.6), if power factor is to be 0.9,
Apparent power = 1.5 kW/0.9 = 1.67 kVA
B, = cos '(0.9) = 25.8°

Reactive power = tan (25.8°) X 1.5 = 0.725 kVAr

Therefore, size of capacitor required = 1.87 — 0.725 = 1.15 kVAr (capacitive)
Since the line voltage is the same, the new current of 7 A (1.67/0.24) represents
a reduction of 30 percent (from 10 A).

8.9 Equipment Standby Losses

Over the last 10 years, power consumed in commercial buildings has
been rising due to the increased use of office appliances such as comput-
ers, printers, and copying machines. Today’s commercial offices provide

A t 92 < 91
pparen :
power Reactive Apparent
pko\/v,\fr power Reactive
(kVAr) 5 power
kVAr
Active power Active power ( )
(kW) (kW)

Figure 8.14 Effect of installing capacitors to improve power factor.
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Figure 8.15 Vector diagram for Example 8.5.

a PC or workstation for almost all staff, many with 17" or 21" monitors.
Further, due to increased cost of office space, offices are being com-
pressed, leading to higher density of staff per unit floor area and higher
power consumption in office buildings.

Most office equipment are actually used only for a few hours a day,
leaving them switched on in standby mode for rest of the day while
staff take breaks, eat lunch, attend meetings, and leave the office for
other appointments. Further, printers, copy machines, and even com-
puters are often left switched on after office hours.

Research has shown that such equipment can end up consuming up
to 50 percent of normal power consumption even when in standby or idle
mode if they are not switched off. In 1994, the Environmental Protection
Agency (EPA) started the Energy Star program for computers to address
the problem of wasted energy from computers and laser printers when
they are left on and not being used. The program required that computer
monitors have the ability to power down to power levels of 30 W or less.
Laser printers were required to power down when idle to power levels
of 30 to 60 W, depending on printing speed. A similar program was later
also introduced for copying machines and fax machines.

Staff should therefore be encouraged to select and purchase office
equipment complete with power management or energy saving fea-
tures, that power down unnecessary components within the equip-
ment, while maintaining essential functions or memory when the
equipment is idle or after a user-specified period of inactivity. It should
also be ensured that these energy saving features are not disabled by users
(commonly encountered) as otherwise it would defeat the purpose of
having them.

Steps should also be taken, where practically possible, to ensure that
office equipment are switched off after office hours so that power con-
sumption can be completely eliminated during such periods.

8.10 Summary

Motors used for operating equipment such as air-conditioning chillers,
pumps, elevators and fans account for most of the electrical energy con-
sumed in buildings, while computers, office equipment, and lighting
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account for the rest. Utility companies normally charge for electricity
use based on energy consumption, power demand, and power factor.
Various strategies to reduce these electricity charges were described in
this chapter.

Review Questions

8.1.

8.2.

8.3.

8.4.

8.5.

Compute the annual energy savings (in kWh) achievable for a 55 kW
capacity motor if a 95 percent efficiency motor is used instead of an 91 per-
cent efficiency motor. Take the operating hours to be 24 hours a day and
250 days a year.

Two 1500-kVA transformers are to be used in a building that normally
operates 12 hours a day and 250 days a year. Calculate the kWh savings
that can be achieved if 99.5 percent efficiency transformers are used instead
of 98.5 percent efficiency transformers for this application. Assume the
power factor to be 0.9 and the no-load losses to be the same for both types
of transformers.

List five possible applications of variable speed drives (VSDs) in buildings
to reduce electrical energy consumption.

List five possible energy saving retrofit strategies used for old elevators.
A building has an active power demand of 1500 kW and a power factor of

0.75. Calculate the kVAr rating of bulk correction capacitors required to
be installed if the power factor is to be improved to 0.9.
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Building Automation Systems

9.1 Introduction

Building automation systems (BAS) are computer based systems used
for monitoring, controlling, and managing equipment and systems in
buildings. Building systems normally managed by a BAS include air-
conditioning, ventilation, lighting, heating, fire protection, electrical, and
security systems.

Due to advances in information technology, a BAS can be integrated
with other building services such as office automation systems, facility
booking systems, and utility metering and billing systems. Therefore,
in addition to monitoring and controlling, a BAS can assist in facility
management.

The main components of a BAS include, sensors, actuators, controllers,
data communication network, host computer, and software. Typical con-
figuration of a BAS is shown in Fig. 9.1.

Building automation systems are a very important energy manage-
ment tool. They can be used to control various energy consuming sys-
tems in buildings and perform many other functions required to optimize
their operations. The following sections of the chapter provide a brief
description of some of these functions and control strategies and how
they can be used to optimize the operation of building systems.

9.2 Scheduling

Scheduling allows a BAS to take automatic action such as starting or
stopping of equipment. The schedules are normally based on a one year
calendar and can account for different operations on weekdays, Saturdays,
Sundays, holidays, and different seasons.

227
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for chillers bus

Figure 9.1 Configuration of a typical BAS.

This feature can be used to minimize energy consumption by operat-
ing equipment only when needed. For example, starting of chillers or
boilers and AHUs can be staggered in the mornings to match actual
requirements of the occupants in the different areas rather than switch-
ing them on all at the same time. Similarly, the scheduling feature can
be used to start some equipment earlier on certain days, such as on
Mondays, to account for the higher load or to switch off equipment
during low occupancy periods, such as at lunch time.

The scheduling feature is much easier to use than manual timers as
operating schedules can be easily entered, changed, or overridden
remotely through a central workstation. It is also more flexible than
normal timers since it can accommodate many different schedules to suit
varying operating requirements.

9.3 Equipment Interlocks

BAS have interlock features where operation of groups of equipment can
be interlocked so that they can be switched on or switched off together.
This feature is useful to prevent accidental operation of equipment,
which can cause harm or damage if they are not operated simultaneously
with other equipment. For example, chilled water pumps, condenser
water pumps, and cooling towers are usually interlocked with chiller
operations. Similarly, boiler controls can be interlocked with the air
intake and feedwater pumps for safety reasons.

This interlocking feature can also help to save energy by preventing
operation of equipment when their associated equipment are switched
off. A typical example is the interlocking of exhaust and supply fans to
prevent one fan operating without the other, which could lead to infil-
tration or exfiltration of air. Similarly, the operation of kitchen exhaust
fans can be interlocked to operate only when cooking is done.
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9.4 Demand Limiting

Most BAS have a demand limiting algorithm, which can help to main-
tain the maximum power demand for a building below a set target. This
feature helps to minimize maximum demand charges paid to utility
companies.

Figure 9.2 illustrates a typical demand limiting feature, which pre-
dicts the future power demand based on the actual rate of increase of
building demand and switches off (sheds) loads to ensure that the set
demand limit is not exceeded. Similarly, the feature also normally allows
the switching on (restoring) of loads when the demand drops.

In general, the demand limiting algorithm calculates the amount of
load to be shed or restored and then sheds loads up to the cumulative
load required to be shed. If there is an option to shed more than one load,
the algorithm will shed loads based on set priority, where loads with
lower priority will be shed before shedding loads with higher priority.
If there are multiple loads with the same priority, the load that has
been shed the least amount of time will be shed first. In this feature,
other parameters, such as maximum and minimum off-time for each
load, can be set based on operational requirements.

9.5 Duty Cycling

A duty cycling algorithm normally turns off loads for a short duration
of time based on set priority and maximum off-times. The loads shed are
“expendable” loads, which are loads that result in the reduction of both
instantaneous power demand and energy consumption when shed.

Predicted
Set demand limit demand
\/ Allowable
v\/_ rate with
\ \ demand
limiting
Demand profile Actual
for previous demand

interval

during interval

<+——Demand interval—» <4——Demand interval—>»

Figure 9.2 Illustration of a demand limiting strategy.
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These loads cannot be “deferrable” loads as they would only result in
instantaneous demand savings, because when they are restored the
loads will work harder to make up for the time they have been off, result-
ing little or no energy savings.

Some expendable loads are fans of CAV AHUs and constant speed ven-
tilation fans.

9.6 Trend Logging

Trend logging is a feature that allows recording of selected parameters
at preset intervals of time. The feature can be used to log the value of
parameters such as temperatures, flow rates, electrical power, and cool-
ing demand. The recording interval can be set from one minute to about
two hours.

The trend data can be used for various functions, ranging from trou-
ble shooting to identifying energy saving opportunities.

Figures 9.3 to 9.6 show some typical trend data that can be extracted
from a BAS. Figure 9.3 shows the power demand for a building and indi-
cates that the maximum power demand occurs in the morning between
8 a.m. and 10 a.m. Meanwhile, Fig. 9.4, which shows the cooling load of
the building, indicates that the maximum cooling load coincides with the
maximum power demand for the building. This data can be utilized to
reduce the maximum power demand for the building; for instance, by
starting the chiller plant earlier to gradually cool the building.

1600

| Maximum power demand for the building |
1400 AN

1200 / \&r—*v—\/""\\
; | \

400 / \

200 | ——o —/ \

0
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Figure 9.3 Trend data of building power demand.
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Figure 9.4 Trend data of building cooling load.

Another example of the usefulness of the trend logging feature in BAS
isillustrated in Figs. 9.5 and 9.6. Figure 9.5 shows the trend data for chilled
water supply temperature, which indicates that it exceeds the set value of
7°C after 12 noon, while Fig. 9.6 shows that the condenser water supply
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Figure 9.5 Trend data of chilled water supply temperature.
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Figure 9.6 Trend data of condenser water supply temperature.

temperature exceeds the maximum design value after 11 a.m., indicating
that the high condenser water temperature may be the cause of the chillers
not being able to meet the chilled water temperature set point.

The trend logging feature can also be used for trouble shooting by
trending multiple parameters. For example, if a chiller frequently trips,
trending of related operating parameters, such as condenser water and
chilled water flows and temperatures, may help to identify the cause as
low flow or high condenser water temperature.

9.7 Alarms

This feature is designed to provide an alarm based on preset criteria. The
alarm can be on the workstation to alert the operator or sent to a printer
or other device, such as a pager.

The feature can be set to provide an alarm when a parameter reaches
a certain condition such as a minimum or maximum value. It is very
useful in energy management since it can alert the operator if a system
deviates from a set condition.

The applications of this feature can be numerous, based on individual
system requirements. One common application is to measure the static
pressure difference across AHU filters and provide an alarm if the filters
need to be cleaned or replaced. Similarly, for pumps, water flow rate and
pressure can be monitored to initiate cleaning of pump strainers.
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Another application of the alarm feature is to monitor the condenser
approach temperature (difference between refrigerant temperature in
the condenser and condenser water leaving temperature) of chillers and
alert when it is necessary to clean the condenser tubes.

9.8 System Optimization and Control

9.8.1 Chiller controls

The basic control strategy for chillers involve the adjusting of refriger-
ant flow to the compressor in response to changes in cooling load to
maintain the chilled water supply temperature (Fig. 9.7). In addition,
chillers have additional control features to ensure their safe operation,
such as flow sensors, to ensure sufficient chilled water and condenser
water flow rates.

Chiller systems normally consist of chillers, pumps, and cooling
towers, and advanced control systems are able to control and sequence
operation of all equipment to ensure optimum system efficiency. Some
of these sequencing strategies are described here.

Chiller sequencing for systems with only primary pumping. This strategy
uses cooling load, chilled water temperature, and chiller motor loading
to sequence the chillers (Fig. 9.8).

An additional chiller is turned on when the temperature of the chilled
water leaving the chiller T, is greater than set point (chiller/s in oper-
ation cannot satisfy load) or if the cooling load is equal to the capacity
of the operating chiller and chiller motors amps is equal or greater than
full load amps (motors fully loaded).

An operating chiller will be switched off if the cooling load is less
than the capacity of operating chillers, less the capacity of one chiller,
and T is not greater than set point.

This strategy for sequencing chillers takes into consideration the
loading of chiller motors, which helps to ensure that chillers are fully
loaded at off-design operating conditions, such as at lower condenser

|
< >© Chilled water
Condenser water ¢——— ——
[ ]

Chiller

Figure 9.7 Basic control parameters for chillers.
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Figure 9.8 Chiller sequencing using cooling load, chilled water temperature, and motor
loading.

water supply temperature and higher chilled water temperature, when
chillers can provide higher than the rated capacity.

Strategy for chiller sequencing for systems with primary-secondary pumping.
Primary-secondary systems normally need to be sequenced based on the
chilled water flow in the decoupler pipe (Fig 9.9). If the flow is from the
return side to the supply side, it indicates that the chilled water flow in
the secondary loop is higher than that in the primary loop and, therefore,
an additional primary pump (and a chiller) needs to be turned on.
Similarly, if the temperature of chilled water leaving the chillers (T,) is
greater than set point, it indicates that the chillers in operation are unable
to meet the cooling load and an additional chiller needs to be operated.

Secondary pumps
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A

Chillers | 1 5 Decgupler Coo_ling
pipe coils
B [ [ Control
Pumps © @) O valves
e B 4

Flow Flow
meter 1 meter 2

Figure 9.9 Chiller sequencing for primary-secondary systems.
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Figure 9.10 Variable primary flow systems.

If the flow in the decoupler is from supply side to return side and the
flow is greater than 110 percent of the flow of one chiller, one chiller is
switched off as the chilled water flow requirements can still be met by
the remaining chillers.

Strategy for chiller sequencing for variable flow systems. The chillers are
sequenced based on the cooling load computed using the flow meter
(FM) and chilled water return and chilled water supply temperature sen-
sors, Ty and Ty, respectively (Fig. 9.10). Motorized valves, interlocked
to the chillers, are used to prevent chilled water circulation through
chillers that are not in operation.

The VSDs of the chilled water pumps are controlled based on the dif-
ferential pressure sensor DP-2 to maintain a set differential pressure
across the furthest AHU coil. The motorized by-pass valve is controlled
using differential pressure sensor DP-1 to maintain a minimum differ-
ential pressure across the chillers to ensure minimum flow. If the chilled
water flow is too low, the differential pressure sensor DP-1 will sense that
the pressure is below set-point and will open the bypass valve, enabling
some water to bypass and circulate through the chillers. Due to this
bypassing of chilled water, the differential pressure sensor DP-2 will
sense a drop in pressure and will signal for the speed of the pumps to be
increased. The system should be designed to ensure that the flow is
maintained within minimum and maximum flow limits for chillers (usu-
ally 0.9-3.4 m/s). This can be achieved by using the flow meter installed
on the primary circuit to fix the set point for the differential pressure
sensor DP-1 and setting a minimum speed for the pumps on the VSDs.

9.8.2 Boiler controls

Control systems are required for boilers to ensure optimum fuel to air
ratio for combustion and feedwater level control. A typically boiler
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Figure 9.11 Typical controls for boilers.

control system is designed to maintain a set steam pressure irrespec-
tive of the steam usage (load), as shown in Fig. 9.11. This is achieved
by varying the fuel flow to the boiler to vary the combustion rate in
response to changes in the load. When the fuel flow rate is adjusted, the
control system will automatically adjust the combustion airflow rate to
ensure that the required air-to-fuel ratio is maintained. In more advance
systems, the air-to-fuel ratio is also continuously adjusted based on the
composition of flue gas to optimize the air-to-fuel ratio.

In boiler systems, the operation of feedwater pumps are also inte-
grated with the boiler controls to maintain the water level in the boiler
within the minimum and maximum levels.

9.8.3 Pump controls

Most pumps used in buildings are normally part of chiller or boiler sys-
tems and their operations are therefore controlled by the respective
chiller or boiler control system. Other independent pumping systems can
be controlled based on parameters such as tank level, temperature, and
pressure or flow rate, as shown in Figs. 9.12 and 9.13.
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Figure 9.12 Typical level control
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Figure 9.13 Typical pump control system.

9.8.4 AHU controls

In constant air volume (CAV) systems, the AHU control strategy is to
modulate the chilled water flow through the coil in response to changes
in cooling load. This is achieved by monitoring the return or space air
temperature and varying the chilled water flow to maintain the return
air temperature at a fixed value (Fig. 9.14). In such systems, the supply
air temperature is effectively varied to maintain the space tempera-
ture at a fixed value.

In variable air volume (VAV) systems, the AHU control strategy is to
maintain the supply air temperature and modulate the supply airflow
rate in response to changes in cooling load. This is achieved by moni-
toring the static pressure in the supply air ducting and varying the
speed of the fan (or inlet guide vanes in some AHUs) to maintain a fixed
static pressure value (Fig. 9.15). The temperature of supply air is main-
tained constant by modulating the chilled water flow through the coil
using a control valve.

9.8.5 FCU controls

In fan coil units, the space temperature is maintained at a set value by
using a valve (normally the on/off type) to control chilled water flow
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Figure9.14 Control arrangement of a constant air volume AHU.
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Figure.9.15 Control arrangement of a variable air volume AHU.

through the cooling coil in response to changes in the cooling load
(Fig. 9.16). FCU controls generally also have provision to adjust the fan
speed.

9.8.6 Ventilation fan controls

The control of ventilation fans depends on the actual application.
Generally, where fan capacity control is used, the requirement is to
maintain a parameter such as CO, level, CO level, or temperature below
a set maximum level in a space (Fig. 9.17). Sometimes, fan-capacity
control is also used to maintain a set static pressure in a space in rela-
tion to another space or the atmosphere (Fig. 9.18).

9.8.7 Other optimization measures

Optimum start-stop. The optimal start-stop algorithm available on most
BAS can predict how long a building or space will take to cool down
or heat up based on the variables that affect it, such as outdoor air

Filter  Cooling coil

Outdoor air 7 Fan

Space
temperature

Figure 9.16 Control arrangement of a FCU.

Return air
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Figure 9.17 Ventilation control arrangement for maintaining a parameter
in a space.

temperature, indoor space temperature, and building characteristics.
The algorithm then predicts how long it will take to cool or heat the space
and starts the chiller or boiler system and AHUs at the latest possible
time to achieve the required space conditions before it is occupied.

Temperature reset for chillers. As explained in Chapter 2, chiller effi-
ciency improves with increase in chilled water supply temperature. In
general, it is estimated that improvement of 1 to 2 percent in chiller effi-
ciency can be achieved by increasing the chilled water temperature by
0.6°C (1°F).

Chiller systems are generally designed for chilled water supply at
6.7°C (44°F) to meet the design peak cooling load. However, chillers
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Controller [~~~ 71RJ][” pressure needs
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Figure 9.18 Ventilation control arrangement for maintaining static pres-
sure in a space.
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seldom have to operate under full load conditions. Therefore, most of the
time it would not be necessary to provide chilled water at the design
value and the chilled water temperature can be reset upwards.

One method of resetting the chilled water temperature is by moni-
toring the position of the control valves on the cooling coils using a BAS.
The valve that is open most can be used to reset the temperature and
the chilled water temperature can be reset upwards in steps until this
control valve or any other reaches a preset value (eg. 90 percent open).
Similarly, the chilled water temperature can be reset downwards if any
control valve opens beyond the set maximum value.

Another method used for resetting the chilled water temperature uti-
lizes the return chilled water temperature. When the return chilled
water temperature reduces (e.g. from 12 to 10°C), the chilled water
supply temperature is raised to bring the return temperature back to
the design value (12°C). This is not a good strategy as the chilled water
return temperature is the average for all AHUs and may not represent
the loading of all AHUs. It could lead to situations where some areas
experiencing full load conditions may not be able to provide sufficient
cooling due to higher chilled water temperature.

The chilled water temperature can also be reset upwards based on the
cooling load or outdoor temperature. Since reduction in outdoor tem-
perature leads to lower cooling load, the outdoor temperature or a direct
measurement of the load can be used to reset the chilled water tem-
perature using a BAS.

Variable pumping systems. Variable speed pumps are often used to vary
the water flow rate to match load requirements. In such systems, the
speed of the pumps are varied to maintain a set pressure differential in
the system, which acts as the measure of building load.

Further energy savings can be achieved by varying the differential
pressure set point used for controlling the VSD speed according to
demand. In such a system, a BAS can be used to monitor the position
of the control valves at the AHUs and reduce the differential pressure
set point while ensuring that none of the valves are starved of water. A
possible control strategy is shown in Fig. 9.19.

In this algorithm, the valve actuator position of all AHU chilled water
modulating valves are monitored by the BAS and the valve that is open
the most is determined. The opening of this valve is compared with
limits set for adjusting the set point. For example, if the valve that is
open the most is less than 70 percent open, it indicates that the other
valves are open even less than 70 percent and, therefore, the pressure
set point can be reduced further. Similarly, when load conditions change,
if a valve is open more than 90 percent, the set point will be increased
to prevent the cooling coil from being starved of chilled water.
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Figure 9.19 Control strategy for optimizing variable speed chilled
water pumps.

Variable air distribution systems. Most commercial buildings use variable
air volume (VAV) systems for air distribution where the amount of air pro-
vided to each space is varied based on load using thermostats and VAV
boxes. Such VAV systems normally have VSDs fitted to their AHU fans
to vary the amount of air supplied based on the load to save fan energy
during part-load operation. This is achieved by modulating the fan speed
to maintain a set static pressure in the distribution duct. The operations
of VAV boxes and AHU fans are normally controlled by a BAS.

In VAV systems where the VAV box damper positions are monitored
by a BAS, further energy savings can be achieved by continuously
resetting the static pressure set point based on system operations. The
static pressure set point can be continuously varied (as opposed to a
fixed set point in normal systems) in response to the damper positions
of the VAV boxes to ensure that no box is starved of air. This can help
in minimizing AHU fan energy consumption by reducing the system
static pressure while ensuring that the load requirements of all spaces
are met.

A typical static pressure reset algorithm is similar to the one used for
variable speed pumping systems (Fig. 9.19). The control algorithm is set
to reduce the AHU fan speed up to the minimum set point while ensur-
ing no VAV box is more than 90 percent open or is likely to be starved of
air. The algorithm is able to achieve this by monitoring the damper posi-
tions of all the VAV boxes in a particular system and identifying the box
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with the damper open the most and, therefore, the most likely VAV box
to be starved of air. If the box with the damper open most is more than
90 percent open, then the static pressure set point is raised. Similarly,
if the box with the damper open most is open less than 70 percent (other
boxes are open even less), the static pressure set point is reduced. This
check is performed by the control system continuously to ensure that the
system pressure is maintained at the minimum possible. It is estimated
that such systems are able to achieve further 20 percent energy savings
as compared to conventional fixed set point VAV systems.

Space temperature reset. Air-conditioning systems maintain comfort
conditions in occupied spaces by removing heat and moisture gener-
ated by occupants and equipment. The space temperature to maintain
occupant comfort in a space is set based on parameters such as occupant
activity, clothing worn by occupants, relative humidity of space, air cir-
culation rate, and radiant heat gain into the space.

Therefore, for spaces where occupants are active, the space temper-
ature is set lower to account for the extra heat that needs to be rejected
by the bodies of the occupants. Similarly, for spaces with glazing (in
perimeter zones of buildings), the space temperature is normally set
lower to account for the radiant heat transfer between the surroundings
and the occupants.

However, parameters such as the level of human activity and radiant
heat gain can vary during different times of the day and during differ-
ent periods of the year. Therefore, the space temperature set point can
be continuously reset by the BAS to match such changes and help main-
tain comfort conditions. Since energy consumed by central chilled water
cooling systems depend on the chilled water temperature, increasing
space temperature set point can help to raise the chilled water tem-
perature, which will result in better chiller efficiency.

Economizer cycle. Another energy saving feature that can be incorpo-
rated into a BAS in some climates is the outside-air economizer. The
basis of this strategy is to use outside air when it is below a certain tem-
perature to cool the space rather than using a mixture of outside air and
return air.

Normally, if the outdoor temperature is below the indoor temperature
(return air temperature), the economizer cycle can be set to convert
AHUs to use 100 percent outdoor air by adjusting the position of the out-
door air and return air dampers (Fig. 9.20). In humid climates, enthalpy
based controls are preferred. Generally, parameters such as the outdoor
temperature/enthalpy and indoor temperature are used for activating
this energy saving strategy.
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Figure 9.20 Arrangement of controls for a typical economizer.

9.9 Summary

Energy consumed by building systems such as air-conditioning, heat-
ing, and lighting systems can be reduced by ensuring that their opera-
tions are optimized by implementing various operating strategies. The
chapter provided a summary of how such control and optimizing strate-
gies can be implemented using the various functions and features of
building automation systems.
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10

Building Envelope

10.1 Introduction

Buildings are designed to provide a comfortable internal environment
for the occupants all year round despite variations in external weather
conditions. This is achieved by using heating, ventilating, and air-
conditioning (HVAC) systems.

The building envelope, which mainly consists of walls, roofs, win-
dows, doors, and floors, allows heat to flow between the interior and exte-
rior of a building and, hence, plays a key role in regulating the indoor
environment. Therefore, the thermal characteristics of a building enve-
lope has significant influence on heating, ventilating, and air-condition-
ing systems, and affect, both, equipment capacity and energy required for
their operation.

Most measures to optimize the thermal performance of building
envelopes need to be incorporated at the design stage of buildings or
during a major upgrading exercise as they are not easy to implement
and involve considerable expenditure. Although such improvement
measures are relatively expensive, because they normally result in lower
heating and cooling loads, which in turn results in downsizing of equip-
ment and lower energy consumption, they are generally financially
viable when considered on a life-cycle basis.

10.2 Envelope Heat Transfer

Buildings gain or lose heat by heat transfer or air leakage through the
building envelope, as shown in Fig. 10.1. Heat transfer takes place by
conduction, convection, and radiation, while air leakage occurs by infil-
tration and exfiltration.

245
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Heat transfer due to conduction and convection occurs across walls,
roofs, windows, and floors. It is dependent on the difference in temper-
ature between the inner and outer surfaces of the envelope and can
flow inwards or outwards. Heat transfer due to radiation takes place
through fenestration and is mainly due to solar radiation, which flows
inwards. Similarly, air leakage through building envelopes is depend-
ent on the pressure difference between the interior and exterior of build-
ings and can be in either direction.

Conduction. Heat transfer by conduction takes place when there is a
temperature gradient across a solid object. The rate of heat transfer
depends on the thermal conductivity of the material, its thickness, the
temperature gradient, and the surface area available for heat transfer.

The rate of heat transfer by conduction can be expressed using
Fourier’s law as follows:

dT
Qeond = _kA& (101)

where k = thermal conductivity of the material
A = area (perpendicular to heat flow)
dT = temperature gradient
dx = thickness

In buildings, heat is transferred by conduction mainly through walls,
roofs, and floors. Heat also travels by conduction through glazing of
building envelopes.

Convection. Heat transfer by convection takes place when a fluid comes
into contact with a surface at a different temperature. Normally, in build-
ing walls, roofs, and windows, heat transfer by convection takes place at,
both, the inner and outer surfaces.
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Heat transfer by convection can be expressed using Newton’s law of
cooling, as follows:

Jeonv = hcA(Ts - Tf) (102)

where h, = surface heat transfer coefficient
A = surface area
T, = surface temperature
Ty = fluid temperature

The amount of convective heat transfer depends on the surface area,
temperature difference between the surface and fluid, and the surface
heat transfer coefficient. The surface heat transfer coefficient is depend-
ent on the wind conditions for outdoor surfaces, while for indoor surfaces
it is dependent on the airflow over the surface caused by HVAC systems.

Radiation. Heat transfer by radiation takes place due to electromagnetic
waves, which travel at the speed of light. In buildings, radiant heat
transfer is mainly due to the transmission of solar radiation through fen-
estration on the building envelope.

The amount of radiant heat transmission between two surfaces
depends on the absolute surface temperatures of the bodies exchanging
heat and the area of the body at the higher temperature. Radiant heat
transfer can be expressed as follows:

Qrad = oA 181(T‘11 - T%) (10.3)

Stefan-Boltzmann constant
A, = area of surface 1

5
5
@
L
[}
Q
Il

&,= emissivity of surface 1
T, = absolute temperature of surface 1
T, = absolute temperature of surface 2

Radiant heat transfer can also be described by a simple expression
using the radiant heat transfer coefficient (h,), as follows:

Qrad = hrAl(Tl - T2) (104)

Since, typically, a major portion of the energy consumed by buildings
is used for providing space cooling and heating, energy savings in
buildings can be achieved by reducing the heat gain or loss by build-
ing envelope components. Some of the important aspects of building
envelopes, which impact building energy consumption, are discussed
in this chapter.
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10.3 Walls and Roofs

Heat transmission through opaque building walls and roofs is illustrated
in Fig. 10.2. Heat transfer by conduction takes place through the build-
ing fabric while convection heat transfer takes place at the inner and
outer surfaces. The actual direction of heat conduction depends on the
difference in temperature between the inner and outer surfaces and can
vary from inwards during summer to outwards during winter.

Generally, walls are composites made up of a few layers of different
materials, as shown in Fig. 10.3. Using Eq. (10.1) for each layer, the over-
all heat conduction can be expressed as:

A
Qeond = — (T2 - Tl)

[ M ) O
k brick k insulation k plaster

where k = thermal conductivity of each material
A = area (perpendicular to heat flow)
x = thickness of each layer
T, = temperature of the outer and inner surfaces

Equation (10.5) can be simplified and expressed as:
Qeond = -UA (TZ - Tl) (106)

where the overall heat transfer coefficient

1
U =
k brick k insulation k plaster
Outside Inside
Incident ]
solar
radlatlon>—> Absorbed solar radiation
Reflected
solar
radiation
<4 Conduction Figure 10.2 Heat transfer through
Convection Convection walls and roofs.
and radiation and radiation
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Therefore, heat transfer by conduction through walls and roofs is
dependent on the thermal conductivity and thickness of the wall or roof
(overall resistance or U value), the thermal gradient, and the surface
area, as seen in Eq. (10.1).

As wall and roof surface areas are normally dependent on the build-
ing design while the thermal gradient is controlled by outdoor and
indoor conditions, heat conduction through walls and roofs can gen-
erally only be reduced by increasing the overall thermal resistance.
This can be achieved by using materials with lower thermal conduc-
tivity for walls and roofs or using insulation materials having low
thermal conductivity, like fiberglass bats, rigid board insulation, and
blown insulation.

Insulation is useful not only in cold climates, where it helps to reduce
heat loss, it is also useful in climates that require air-conditioning as it
can minimize heat gain. Increasing the insulation level of buildings to
minimize heat losses or heat gain can be more easily achieved for new
buildings by incorporating them into the design of buildings.

For roofs, since warm air moves upwards, the temperature difference
between the interior and exterior is higher, leading to a higher rate of
heat conduction. Therefore, roof and ceiling insulation is important to
minimizing heat loss. In existing buildings, roof insulation can be
improved relatively easily during reroofing exercises.

Since properties like texture and color of surfaces have an impact on
radiant heat transfer, such properties of walls and roofs affect the heat
loss or heat gain by buildings. Generally, smooth, light colored surfaces
reflect more solar energy than dark, rough surfaces. Hence, for build-
ings that are air-conditioned, smooth and light colored surfaces are pre-
ferred while for heated buildings, dark and rough surfaces are desirable.
For buildings that require heating during winter and cooling during
summer, the preferred color for the roof will depend on whether the
building has greater heating or cooling needs during the major part of
the year.
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10.4 Windows

Glazed or fenestrated windows make a significant contribution to the
heat exchange between the building’s conditioned space and outdoors. In
tropical climates, where buildings are air-conditioned, glazing can trans-
mit as much heat as ten to twenty times the equivalent area of wall sur-
face. Since heat gain due to solar radiation has a bigger influence on the
cooling load of air-conditioned buildings than heat conduction and long-
wave radiation, in hot climates, most energy conservation measures for
fenestration are aimed at reducing heat gain by solar radiation. Similarly,
in heated buildings, as solar heat gain through fenestration actually
helps to reduce the heating load, energy saving measures for fenestra-
tion in such buildings are mainly aimed at minimizing conduction losses.

Heat flow through a typical window is illustrated in Fig. 10.4. As shown
in the figure, heat transfer takes place due to conduction and radiation.
The amount of radiant heat transfer depends on the amount of incident
direct solar radiation (the location of glazing), type of glass, and surface
area, while the conduction heat transfer depends on the thermal con-
ductivity, thickness, and surface area of the glazing.

Some of the important properties that provide a measure of window
performance are U-value, solar heat gain coefficient, shading coefficient,
and visible transmittance.

U-value. The U-value is a measure of heat flow through a window due
to temperature difference between the exterior and interior of buildings.
It 1s similar to the U-value in Eq.(10.6) for composite walls and can
account for the different layers in double and triple glazed windows. The
units of U-value are W/m®.K and the heat flow through windows is pro-
portional to the U-value. Therefore, the heat flow through a window with
a U-value of 1.0 will be double that for a window with a U-value of 0.5.

The U-value of a window depends on the type of glazing, its thickness,
coatings used, type of gas (air or inert gas), and thickness of gap in

Outside Inside
Incident ]
solar
radiation » Transmitted radiation
Reflected
solar
radiation
—» Conduction Figure 10.4 Heat flow through a
Convection Convection typical window.
and radiation and radiation



Building Envelope 251

multipaned windows. Typical U-values range from 0.9—-1.1 for single
glazed to 0.4—0.5 for double glazed and 0.2—0.3 for triple glazed windows.

Solar heat gain coefficient (SHGC). The solar heat gain coefficient (SHGC)
is a measure of how much of the solar radiation incident on a window
1s transmitted through it. SHGC can range from 0 to 1, where SHGC = 0
means none of the radiation incident on the window is transmitted
through as heat while SHGC = 1 means all the incident radiation is
transmitted through the window.

Since lower SHGC results in lower solar heat gain through the glaz-
ing from the exterior to the interior, windows with low SHGC are pre-
ferred for air-conditioned buildings while windows with high SHGC are
preferred for buildings using passive solar heating.

Typical SHGC values range from 0.8 for single glazed to 0.6 for double
glazed and 0.4 for triple glazed windows.

Shading coefficient (SC). The shading coefficient (SC) is another term
used to measure the solar transmittance of glass. It is the ratio of heat
transmittance of a particular glass to the heat transmittance through
a 1/8 inch clear glass.

Visible transmittance. The visible transmittance (T,;;) is a measure of
how much of the visible light incident on a window is transmitted
through it. A typical clear, single-pane window has a T,;, of 0.90, which
means that it will allow 90 percent of the visible light incident on it to
pass through.

Shading devices. Various shading devices can be used to minimize the
transmission of direct solar radiation through windows. Shading devices
are generally classified as internal or external shading devices. External
shading devices, such as louvers and overhangs, installed outside the
building envelope help to reduce transmission of direct radiation into
the building by intercepting direct radiation before it reaches the glaz-
ing (Fig. 10.5). However, they also cut off a portion of natural light,
which may lead to higher lighting loads for perimeter areas of buildings.

Interior shading devices, such as curtains and blinds, can also be
used but are less effective at reducing solar gains than the external
shading devices since the solar radiation first enters the conditioned space
and is then reflected back through the glazing before being absorbed by
the conditioned space (Fig. 10.6).

Special coatings. Since the properties of glazing can also be altered by
tinting or by applying various coatings or films, special coatings and
solar control films can be used to reduce solar heat gain through windows.
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These include tinted glass and spectrally selective coatings that can be
used to transmit visible light while reflecting part of the solar radiation.

Glass tints are generally achieved by either adding colors during pro-
duction or by applying colored films after production. Although tints are
normally able to reduce solar gains by absorbing part of the solar radi-
ation, they normally reduce the transmission of natural light. Another
disadvantage is that most of the absorbed heat energy is subsequently
transferred into the building through convection and radiation.

Coatings usually have microscopically thin metallic or ceramic coat-
ings to reduce the transmission of solar radiation while allowing part
of the visible light to be transmitted. They are ideal for energy conser-
vation as heat gain can be minimized while maximizing the use of nat-
ural light. They can be added during production or applied in the form
of a film for existing windows.

The percentage of solar energy rejected and the percentage of visible
light allowed to be transmitted depends on the actual type of coating or film
used. Typical infrared rejection and visible light transmission properties

) Internal
. Window ghading device
Direct solar —

radiation \

Absorbed
radiation
Reflected
radiation

Figure 10.6 Internal shading device.
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Figure 10.7 Performance of a typical solar film.

of a high performance film is shown in Fig. 10.7. Since the solar spec-
trum consists of visible light, ultraviolet and infrared, part of the energy
in solar radiation is in the form of visible light. Therefore, when such a
special film is able to reject even more than 90 percent of infrared and
ultraviolet, the total effective solar energy rejection is about 55 percent.

Multipaned windows. While minimizing radiant heat gain through glazing
is the prime concern in climates that require building air-conditioning,
heat loss through glazing is important in buildings that require heating to
maintain occupant comfort. In such applications, the insulation property
of the glazing can be improved by using double or triple glazing, which con-
sists of two or three layers of glass sandwiching layers of air (or gas) between
them to make use of the low thermal conductivity of air (gas) to reduce heat
transmission, as shown in Fig. 10.8 for a double glazed window.
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Figure 10.8 Heat flow through a typical double glazed
window.
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10.5 Air Leakage

Air leakage through building envelopes can be a cause of energy wastage
in buildings. Leakage can occur due to infiltration, which is the leaking
of untreated air into the building and exfiltration, which is the leaking
out of treated air.

Excessive air infiltration occurs due to negative pressure in buildings.
This can be caused by unbalanced supply and exhaust airflows, where
the exhaust airflow is much higher than the supply airflow rate. Typical
reasons for such unbalanced airflows can be the design or sizing of the
ventilation system and reduction of supply air to reduce building cool-
ing or heating loads.

Exfiltration is the opposite of infiltration and can also be caused by
unbalanced supply and exhaust flows where supply airflow is higher
than exhaust airflow.

Infiltration and exfiltration can also occur in buildings due to wind
effects. Wind pressure is positive on the surface of the building facing
the wind while it is negative on the opposite face, leading to air pass-
ing through the building. Similarly, stack effect in buildings take place
where cold air from the outside flows in at the lower levels of the build-
ing to take the place of warm air rising within the building (which in
turn leaks out at the higher levels).

Some common means of reducing such air leakage through building
structures include weather-stripping, use of automatic doors, vestibules,
and air curtains.

Weather-stripping. Weather-stripping involves the sealing of gaps around
exterior doors and windows to prevent air leakage. Different types of
weather-stripping are available for different applications. The common
types of weather-stripping used are compression type for normal doors
and windows and sliding type for sealing sliding surfaces.

Automatic doors. Automatic doors can be used in applications where the
doors need to be frequently opened. Such doors can be completely auto-
matic, that is, they are opened and closed automatically using sensors,
which can detect the movement of people or doors that have hydraulic
or spring loaded mechanisms to simply close the doors when opened.

Vestibules. Vestibules are intermediate compartments that act as air
locks between the exterior and interior of buildings to minimize air
leakage at doorways. They usually have two sets of automatic or revolv-
ing doors so that the interior of the building is not directly exposed to
the exterior.
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Air curtains. Air curtains can be installed over open doorways to pre-
vent air leakage and are commonly used in retail stores where the doors
are kept completely open (Fig 10.9). They consist of fans that take air
from the front and blow it vertically downwards to create an invisible
air barrier between the interior and exterior of the building.

10.6 Overall Thermal Transfer Value (OTTV)

Building codes in various jurisdictions generally specify minimum per-
formance criteria for building envelope components to address energy
conservation needs. These codes normally specify minimum design
parameters for thermal resistance and solar radiation transmission for
walls, roofs, floors, and fenestration.

An alternative approach is to specify a maximum allowable heat gain
for the entire envelope of buildings and provide the designers the free-
dom to choose individual components and materials. The overall ther-
mal transfer value (OTTV) used in some countries follows this approach.

The OTTV concept takes into consideration the basic elements of heat
gain through the envelope of a building, which are:

®m Heat conduction through opaque walls
®m Heat conduction through fenestration
® Solar radiation through fenestration

® Heat conduction through roofs
The OTTV for walls is defined as:

OTTV = (TD,, X (1-WWR) x U,) + (AT X WWR x Uy
+ (SF x CF X WWR X SC)
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where WWR = window to wall ratio
U, = thermal resistance of wall (W/m*K)
U; = thermal resistance of fenestration (W/m*K)
TD,, = equivalent temperature difference (K)
AT = temperature difference
SF = solar factor (W/m?)
CF = correction factor for solar heat gain through
fenestration
SC = shading coefficient for fenestration

A similar OTTV computation for roofs will include heat conduction
through the opaque parts of the roof and skylights and solar radiation
through skylights.

The various weather dependent factors used in the OTTV calculation,
such as SF, TD,,, and AT are derived from local weather data. The max-
imum OTTV value set for some countries is 45 W/m®. This maximum
value is periodically reviewed and revised downwards based on tech-
nological developments, which lead to improvements in the thermal
properties of materials used in building envelopes.

10.7 Estimation of Building Energy
Performance

At the building design stage or when retrofitting buildings, an accurate
evaluation of the thermal performance of building envelope components
is necessary to assist the selection of cost-effective options. Often, the
available options need to be evaluated not just for their thermal per-
formance but also for their effect on the overall energy performance of
the building.

Since building envelopes are exposed to outdoor weather conditions,
which are rarely steady, and because components such as walls and
roofs also exhibit a thermal storage effect, numerical techniques such
as finite element, finite difference, and time series, which can account
for the transient nature of the heat flow, need to be used to predict the
heat flow through building components.

The thermal response factor method, or transfer function method, is one
such method where heat flow through walls is expressed algebraically
in terms of the surface temperature history and thermal characteristics
of the wall material using time series techniques. The cooling load tem-
perature difference (CLTD) method uses factors developed by the method-
ology and equations of the transfer function method for direct one-step
calculation of heat gain through sunlit walls, roofs, and glass exposures.

One of the most commonly used building energy analysis codes is
DOE-2, which can be used to predict the energy use and cost for different
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types of buildings. DOE-2 uses a description of the building layout, con-
structions, usage, and conditioning systems like HVAC, lighting, and
utility rates provided by the user, along with weather data, to perform
an hourly simulation of the building.

Various easy to use software such as PowerDOE, which operate using
DOE-2 as a platform, are also available to help perform quick and accu-
rate predictions of the thermal and energy performance of buildings.
Such computer modeling programs are very useful tools for building
designers as they are able to optimize designs by simulating the thermal
performance of individual components or the overall energy performance
of buildings.

Results of a parametric study carried out using DOE-2 to evaluate the
impact of various key parameters on the total energy usage and cooling
energy usage of a typical building in the tropics is shown in Table 10.1.
The table lists the variation in total building energy consumption and cool-
ing energy consumption for a 10 percent increase in various parameters
within a set minimum and maximum range. For each, two values are
listed where the first value refers to an increase in the minimum range
value while the other refers to a change in the maximum range value.

For example, a 10 percent increase in the COP from the maximum
range value of 5.5 will result in a reduction in the total energy con-
sumption and cooling energy consumption by 2.5 and 7 percent, respec-
tively (negative sign indicate reductions).

However, one of the main drawbacks of such simulation tools is that
they are normally not able to take into consideration the impact of rain
on the building envelope. Since rain is absorbed by porous building mate-
rials, such as walls and roofs, which is later evaporated during drying, it
leads to a reduction in the actual heat flow due to latent heat absorption,
resulting in less accurate prediction of thermal and energy performance
of buildings. The impact of this effect can be significant for buildings in
climates that experience rainfall during most parts of the year.

In such situations, if accurate data is required, correction factors can
be used to adjust the output data from standard simulation tools to

TABLE 10.1 Impact of Changes in Various Parameters on Total and Cooling Energy
Consumption of a Building

Range Change in total Change in cooling
Parameter considered energy consumption energy consumption
COP of cooling plant 3.5t05.5 —3.5% to —2.5% —7.9% to —7%
Lighting power (W/m?) 10.8 to 20.4 +3.6% to +5.1% +1% to +2%
Window-to-wall ratio 0.3to0 0.6 +0.82% to +0.81% +1.6% to +1.5%
Shading coefficient 0.35 to 0.69 +1.3% to +2.3% +2.4% to +4%

Cooling set point (°C) 22.3 to 27.8 —1.5% to —7% —6% to —12%
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account for the effect of rain. One study on this subject has shown that
on rainy days, the actual heat gain through porous walls can reduce by
10 to 20 percent, while the annual reduction in heat gain for a building
could be as high as 5 percent.

10.8 Summary

The building envelope, which consists of walls, roof, windows, doors, and
floor, acts as the barrier between the outdoor environment and the con-
ditioned indoor environment. This helps to minimize the load on HVAC
systems used in buildings to condition the indoor environment. In gen-
eral, HVAC systems account for a significant portion of the total energy
consumed in buildings. Therefore, the overall energy consumption of
buildings can be reduced by improving the thermal design of building
envelopes, and various strategies to achieve this were described in the
chapter.
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Solutions

Chapter 2

2.1,

(1) Chilled water reset, which is to increase the chilled water supply tem-
perature set point for chillers. Increasing the chilled water set point
helps to reduce the compressor lift (pressure difference across com-
pressor), thereby helping to improve chiller efficiency.

(1) Condenser water reset, which is to reduce the condenser water supply
temperature to the chillers. Reducing the condenser water supply tem-
perature helps to reduce the condenser water return temperature,
which also results in the reduction of compressor lift, which, in turn,
leads to better chiller efficiency.

(i11) Matching chiller capacity to cooling load. The operating efficiency of
chillers is generally dependent on the loading (ratio of cooling load to
chiller capacity), and higher loading results in better efficiency.

(iv) For water-cooled chillers, reducing the condenser approach tempera-
ture (temperature difference between refrigerant in the condenser
and water leaving the condenser) also helps improve chiller efficiency
by reducing the compressor lift. This can be achieved by condenser tube
cleaning and a good water treatment program.

2.2. VSDs can be used to vary the speed of chilled water pumps to better match
their capacity to the cooling load. The pump capacity can be varied to
maintain a set pressure in the chilled water distribution system.

2.3. Efficiency of the chiller is 0.6 kW/RT, when the chilled water supply tem-
perature is 7°C.
If the chilled water supply temperature is increased to 8°C, the chiller
efficiency will improve by 3 percent to 0.6 kW/RT X 0.97 = 0.58 kW/RT. If
the chiller operates at 500 RT, 10 hrs a day,

Saving = (0.6 — 0.58) X 500 X 10 = 100 kWh/day
2.4.

Energy cost = cooling load X hours of operation
X efficiency (kW/RT) X electricity tariff
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For the 0.5 kW/RT chiller,

the energy cost for Year 1 = 500 RT X 10 h/day X 250 days/year
X 0.5 kW/RT X $0.10/kWh = $62,500

The energy cost for Year 2 with 2 percent escalation
of tariff is $63,750 ($62,500 X 1.02)

The annual life-cycle cost comparison for the three chillers can be computed

as follows:
Annual cost for chillers
0.5 kW/RT 0.55 kW/RT 0.65 kW/RT

Year 0 $300,000 $275,000 $250,000
Year 1 $62,500 $68,750 $81,250
Year 2 $63,750 $70,125 $82,875
Year 3 $65,025 $71,528 $84,533
Year 4 $66,326 $72,958 $86,223
Year 5 $67,652 $74,417 $87,948
Year 6 $69,005 $75,906 $89,707
Year 7 $70,385 $77,424 $91,501
Year 8 $71,793 $78,972 $93,331
Year 9 $73,229 $80,552 $95,197
Year 10 $74,693 $82,163 $97,101
Total $984,358 $1,027,793 $1,139,665

(All costs are energy costs except Year O capital cost)

2.5.

Daily saving = (1.75-0.65) X 20 RT X 8 h
= 176 kWh/day

2.6.

(1) Daily kWh savings can be computed as follows:

Cooling Chiller efficiency Chiller

Time Hours load (RT) (kW/RT) kWh
12 a.m. to 6 a.m. 6 300 0.57 1026
6 a.m. to 10 a.m. 4 400 0.56 896
10 a.m. to 2 p.m. 4 450 0.555 999
2 p.m. to 8 p.m. 6 400 0.56 896
8 p.m. to 12 p.m. 4 350 0.565 791

Daily total 4608
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Present chiller consumption = 6000 kWh/day
Saving = 6000 — 4608 = 1392 kWh/day
Daily savings = 1392 kWh

(i) Tariff = $0.10/kWh

Operating days/year = 300
Annual savings = 1392 X 0.1 X 300 X $41,760
Payback = cost/savings = 300,000/41,760 = 7.2 years

Chapter 3

3.1. If the oxygen concentration in the flue gas is reduced from 8 to 5 percent,
in Fig. 3.9, the combustion efficiency will increase by about 2 percent.

3.2. The temperature difference between the flue gas and room temperature is

142°C (approximately 290°F).

Using the stack loss Table A.2 (for no.2 oil) in Appendix A, for CO, con-
centration of 5.5 percent in the flue gas, the stack loss is estimated to be
20.9 percent.

From Table 3.1, the radiative and convective losses are about 0.5 to
0.7 percent.

Therefore, the overall efficiency = 100 — (20.9 + 0.7) = 78.4%

3.3. Savings can be estimated as follows:

Operating Fan motor Fan motor Power Energy
Boiler hours power with power with saving savings
loading a day damper (kW) VSD (kW) (kW) (kWh)
A B C D=A’%X3 E=C-D BXE
80% 4 22 18 4 16
60% 12 18 8 10 180
40% 8 16 2.2 13.8 17.6
Total daily savings 213.6

3.4.

Make-up water 27°C and x unit

Condensate 95°C and (1—x) units Hi’—»Feedwater 80°C and 1 unit
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Heat balance,

27 x + (1— x) 95 = 80
x = 0.22 (22 percent makeup water)

Amount of condensate is recovered = (1 — x) = 0.78
(78 percent condensate is recovered).

3.5. From Fig. 3.17, at 300 kPa, the approximate steam leak rate for a 3 mm
hole is 10 kg/hr. The amount of fuel that can be saved is 6000 litres a year
(based on 24 hours X 7 days a week X 50 weeks).

For three holes, the total leakage will be 18,000 litres a year. Annual fuel
cost savings that can be achieved if these leaks are eliminated = 18,000

X $0.5 = $9000.
Chapter 4
4.1.
Q; = 200 L/s
P, =45 kW
N; = 1200 rpm
N, = 1100 rpm

Q, = Q, X (NY/N,) = 200 X (1100/1200) = 183 L/s
P, = P, X (N,/N,)* = 45 X (1100/1200)° = 35 kW

4.2. From pump affinity laws, the pump speed can be reduced to give the design
flow as follows:

New pump speed = 1200 X (20/35) = 686 rpm
New power consumption = 25 X (20/35)3 = 4.7 kW

Reduction in pump power consumption = 25 — 4.7 = 20.3 kW

4.3.

Option A Option B

Pressure drop across 80 kN/m* 40 kN/m?®
condenser




Solutions 265

The theoretical pump power consumption to overcome the resistance across
the condenser can be calculated as follows:

Pump kW = [Flow in m?/s X pressure difference in N/m? ]/1000
Option 1, pump kW = [0.150 X 80 X 10°]/1000 = 12 kW
Option 2, pump kW = [0.150 X 40 X 10°/1000 = 6 kW

Pump kW savings = (12 — 6) = 6 kW.

4.4.
p— (Q X AP)
(1000 X m, X M)
If the motor efficiency m,,is taken as 1.0,
Saving i (Q X AP) ( 1 1 )
aving In pump power = -
1000 N78 % MN90%
_(0.04><120><1o3)< 11 )
1000 0.65 0.85
= 1.7kW
Chapter 5
5.1.
Possible causes Remedies
Defective water spray Repair spray system
mechanism
Defective/damaged Repair/replace fill material
fill material
Inadequate airflow Tighten/replace drive belts

5.2. The wet-bulb and dry-bulb temperatures of air entering the cooling tower
are much higher than the ambient wet-bulb and dry-bulb temperatures;
possibly due to recirculation of air discharged from the cooling tower back
to the air intake.
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5.3. At full load, the fan consumes 15 kW.
At 60 percent speed (60 percent capacity), from the cube law,

Fan kW = 15 X (0.6)> = 3.2 kW
Savings = (15 — 3.2) = 11.8 kW

5.4.
Motor power of one fan = 15 kW (at full speed)

If the fan operates at 50 percent speed, fan motor power
=15 % (0.5)° = 1.9 kW

Total fan power when both fans operate at 50 percent speed
=19X2=38kW

Fan power savings = (15 — 3.8) = 11.2 kW

5.5.
Estimated free cooling capacity of each 500-RT cooling tower
= 25 RT (500 X 0.05)

Estimated free cooling capacity of each 200-RT cooling tower
= 10 RT (200 X 0.05)

Total free cooling capacity = (25 X 3) + (10 X 2) = 95 RT

Chapter 6

6.1.
Q, = 15m%s
Q, = 10 m%/s
P, =30 kW
N; = 1400 rpm
N; = N; X (Qo/Q;) = 1400 X (10/15) = 933 rpm
P, = P, X (Ny/N))® = 30 X (933/1400)° = 8.9 kW

6.2.

Fan impeller power (kW)

_ flow rate (m®s) X pressure developed (N/mZ%or Pa)
1000 X efficiency
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Taking the efficiency as 1.0,

20 X (80 — 30
Fan power (kW) = W].O)
=1kW

6.3. From the psychrometric data in Appendix B, the enthalpy of outdoor air
is 90 kd/kg (at 35°C dry-bulb at 60 percent RH), and the enthalpy of return
air is 47.5 kd/kg (at 23°C and 55 percent RH).

Reduction in cooling load = airflow rate X density of air
X difference in enthalpy

= 1.5 m"s X 1.2 kg/m® X (90 — 47.5) kd/kg
= 76.5 kW (approximately 22 RT)

Savings in chiller power consumption
= cooling load reduction X system efficiency

= 22 RT X 0.8 kW/RT
= 17.6 kW

Annual energy consumption = 17.6 kW X 12 h/day X 250 days/year
= 52,800 kWh/ear

6.4.

Using Eq. (6.6),

Tga = Toa = (Toa— Tra) X Mp
= 33— (33 —23) X 0.77
= 25.3°C

Sensible cooling done,

Qsensible =1.232 Xv X (TOA_ TSA)

1.232 X 3 X (33 — 25.3)
= 285 kW
= 8RT
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Savings in chiller power consumption
= cooling load reduction X system efficiency
= 8 RT X 0.83 kW/RT
= 6.6 kW

Annual energy consumption = 6.6 kW X 10 h/day X 260 days/year
17,160 kWh/year

Chapter 7

7.1.

(1) Delamping (to reduce lux level to about 500)

(i1) Changing from T8 to T5 lamps (need to replace fixture or use T5 with
adaptors)

(i11) Using power saving device and dimming to achieve about 500 lux

7.2. Use of timers

a. Office lighting
b. Outdoor lighting

Use of occupancy sensors

a. Toilets

b. Meeting rooms

Use of light sensors to dim lighting

a. Perimeter office lighting

b. Outdoor/car park lighting
7.3.

Energy savings per lamp = (60 — 11) = 49 W
Energy savings per day = (49 X 1000 X 12)/1000 kWh
= 588 kWh/day
Annual energy savings = 588 X 5 X 52 X $0.10 = $15,288

Payback period based purely on energy savings

= $(12 X 1000)/$15,288 = 0.78 = 9.4 months
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Payback period taking into account longer lamp life:

Annual cost of incandescent lamps = $1 X (12 X 5 X 52)/1000 5X $3.12
Annual cost of CFL = $12 X (12 X 5 X 52)/8000 = $4.68
Total additional cost = $(4.68 — 3.12) X 1000
= $1,560
Payback period = 1560/15,288 = 0.1 = 1.2 months

7.4.
Energy savings per lamp = (40 — 28) = 12 W
Energy savings per day = (12 X 100 X 24)/1000 kWh
= 28.8 kWh/day
Annual savings = 28.8 X 365 X $0.1 = $1051.20
Total cost = $40 X 100 = $4000
Payback period = 4000/1051.20 = 3.8 years
7.5.
Energy savings per day = (84—64) X 24)/1000 kWh = 0.48 kWh/day
Annual energy savings = 0.48 X 365 X $0.10 = $17.52
Cost of ballast = $20
Payback period = 20/17.52 = 13.7 months
Chapter 8
8.1.

Powergyr
mn

For the motor, Powerpy =

1 1
Energy saved in kWh = Motor kW X Operating hour X { }
Ms Mp

where ng = efficiency of standard motor
mp = efficiency of premium motor
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8.2.

8.3.

8.4.

Solutions

Annual electrical saving

1 1
= 55 X 24 X -
55 X 24 X 250 {0.91 0.95} kWh/year

= 15,269 kWh/year.

Energy saved in kWh
. 1 1
= Transformer load (kVA) X pF X Operating hour X { - }
Mos.s  M99.5

where pF = power factor
m = efficiency of transformers
Annual electrical saving

1 1
1,500 X 0.9 X 12 X 250{7 - 7} kWh/year

0.985 0.995

41,323 kWh/year.

a. Chilled water distribution pumps
b. Hot water distribution pumps

c. Cooling tower fans

d. Air handling unit fans

e. Supply and exhaust ventilation fans

a. Replace hydraulic elevators with traction elevators
b. Replace old motor drives with modern VVVF drives

c. Install drives that can feedback regenerated energy back into the dis-
tribution system

d. Install controls to optimize multiple elevator systems
e. Install controls to switch off systems when elevator is not in service

f. Reduce counterweight and elevator capacity (if elevator capacity is more
than required)
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8.5.

Apparent
power Reactive power

(kVAr)

Active power 1500 kW

Reactive power at 0.75 power factor
cos B = 0.75
0 = 41.41°
Reactive power = tan (41.41°) X 1500 = 1323 kVAr

Reactive power at 0.9 power factor
6 = cos '(0.9) = 25.8°
Reactive power = tan (25.8°) X 1500 = 725 kVAr
Therefore, size of capacitor required

= 1323 — 725 = 598 kVAr (capacitive).
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TABLE A.1

Stack Loss Estimation Table for Natural Gas

STACK LOSS - % - NATURAL GAS

DIFFERENCE BETWEEN FLUE GAS AND ROOM TEMPERATURES IN DEGREES FAHRENHEIT

C0z ] 200

220

240

280

300

320

350 |360 | 380 | 400 [420 | 440 | 460 | 480 |500 | 520 1540 | 560 | 580 | 500 [ 620 | 640 | 660 | 680

0

750

800

859

900

950

1000

3.0 J231

24.4

253

21.2

286

30.0

313

328 1341|358 (369 [382 1398 1410 1422 1438 1450 (463 | 478 (490500

35 [212

225

238

249

26

21.2

284

285 | 3093201332 [ 3441358 1368 1379 392 (403 [41.6 [ 428 | 438 [450 | 46,2 [ 47.7 [ 483 | 498

40 |129

209

220

231

24.1

251

262

272 {283 2941304 318 325 |33.8 |348 |358 {368 [378 [ 388 1390 1400 1421 [43.0 [ 441 (452

462

488

45 | 189

18.9

208

21.8

227

238

24.5

255 | 26412731283 (292 1302 |31.2 1322 |33.0 {340 13498 {359 (368 1378|386 308 [404 | 415

426

4.8

47.2

49.8

50 [18.0

188

19.8

206

214

2.2

231

24.0 1249 | 2561268 {275 12683 1201 1307 }30.9 {378 [325 [33.6 |34.3 357 |362 369|378 | 188

397

418

438

46.0

48.2

$5 {174

181

18.9

19.8

205

21.2

221

229 [238 (2451252 [ 262 | 268 {278 |286 1292 (300 1308 |31.8 {323 [33.2 | 34.1 | 349 1358 {363

373

392

4190

430

453

472

480

6.0 | 168

12.4

18.2

18.9

156

204

Pill

218 | 227|233 ]241 | 249 1265 {262 [27.0 |27.8 (284 [20.2 [30.0 [30.8 [ 315 [322 1329 ]33.8 343

352

368

425

44.3

462

65 |163

16.9

17.8

18.4

18.0

188

204

211 12181224 232 238 [ 245 1252 (259 [265 [27.2 |27.9 [28.7 | 20.2 | 30.0 ) 309 | 31.4 | 321 | 328

338

36

¥.8

384

403

42.0

48

70 {188

185

171

178

184

181

19.8

204 01012181223 1228 1236 1242 [249 [255 | 262 | 268 [27.4 [ 280 [ 288 {294 [ 300|308 |31.2

320

338

35.3

368

383

40.8

418

7.5 1155

161

16.7

12.2

128

188

19,1

198 {203 [ 209 (215 [ 222 | 228 | 233 |24.0 | 246 [25.2 [258 | 264 [ 26.9 1 27.7 [28.2 | 288 | 29.4 |30

308

322

318

32

368

38.3

3839

80 152

157

163

16.9

174

8.8

18.6

19.2 (198|203 [ 209 | 215 F22.1 [ 228 {232 |23.8 [244 1250 [25.5 |26.0 | 267 |27.2 {27.8 | 284 | 20.0

285

310

324

33.8

36.4

36.8

382

85 1439

15.4

159

1685

JEA!

12.6

18.2

18.7 [19.3 1198 1204 | 209 y 214 [22.0 [225 1230 [237 (242 | 24.8 [ 253 | 25.8 | 26.4 |25.9 | 27.4 | 281

289

33

328

4.2

354

36.8

90 j 146

15.2

15.7

162

166

17.2

178

183 [18.8 1193 [19.9 1204 {209 |214 {219 {225 | 23.0 [235 |24.1 {245 |25.2 [ 258 [ 26.2 { 26.7 | 27.2

278

28.0

30.3

318

330

343

357

95 | 144

14.9

15.4

159

164

168

17.4

179 11841189 1195 [199 1205 [20.9 [214 |21 1224 |229 1234 (238 1244 (249 1254 {259 | 264

269

2.2

308

320

333

345

10 1142

14.6

15.2

158

16.1

166

171

17.5 | 181 (185 1190 [19.5 | 200 (204 208 | 214 1218 1224 1228 | 233 |23.6 1242 | 2468 | 252 | 258

26.2

274

28.6

238

31.2

32.2

334

14.4

14.7

15.2

156

16.1

16.5

168 (174 | 178 184 | 188 1193 |196 (202 |20.5 [209 [214 [219 [ 223 (228 123.2 | 237 | 242 [ 245

25.0

26.2

21.2

283

29.5

30.8

318

14.4

14.8

16.2

158

181

165 {169 | 17.3 | 178 {18.2 | 186 |19.0 {194 198 }20.2 1206 [21.1 | 214 | 219 [22.3 | 228 [ 23.2 | 238

24.0

251

26.1

2.2

283

252

303

Source: Courtesy of Cleaver Brooks.




9.2

TABLE A.2 Stack Loss Estimation Table for No. 2 Oil

STACK LOSS -% -NO. 2 OIL

DIFFERENCE BETWEEN FLUE GAS AND ROOM TEMPERATURES IN DEGREES FAHRENHEIT
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Table A.3 Stack Loss Estimation Table for No. 6 Oil

STACK LOSS =% = NO. 6 OIL

DIFFERENCE BETWEEN FLUE GAS AND RCOM TEMPERATURES IN DEGREES FAHRENHEIT
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INDEX

Index Terms

A

absorption cycle
components of
vapor compression cycle and, difference
between
adjustable frequency drives (AFD), See
variable speed drives
AFD. See adjustable frequency drives
AHU. See air handling units
air distribution systems
axial-flow fans in
car park ventilation
centrifugal fans in
coil losses in
dehumidification applications in
description of
ducting system design in
dynamic losses in
effect of filter on
ESMs for
excess airflow in
fan affinity laws in
fan curve and
fan efficiency in
fan impeller power in
fan performance in

filter losses in

24 25 27
25 25f

25

154f

155 156

180

155 155f 166
164

156 166

153

158

155 159 160
161f

15

168

157 158 158t
156 156f  157f

166 167f
156

155 158
161

163



Index Terms

air distribution systems (Cont.)
friction losses in
minimizing pressure losses
outdoor air control
parameters measured for
reducing fan speed in
reduction in coil face velocity within
system curves in
system resistance of
types of
variable air volume
air handling units (AHU)
air balancing
BAS and
cooling coil characteristic for constant
air volume
description of
dual path
duct static pressure sensor in
on economizer mode
electronic air filters for
ESMs for
media filters for
reheating for humidity control in
runaround coils in
air-conditioning systems, central
airflow measurements
air-to-air recovery, of heat
American Society of Heating,
Refrigerating and Air-conditioning
Engineers (ASHRAE)
Handbook of Fundamentals by

155
159
178f
12
162f
164
155
155
169
61
26
173
237

53f
153
165
172
176f
162
15
161
174
174
26
10
177

155

159

169 171f

165

156f

170

118 165f
174

166 166f

163 164

163

174f
27

4 177

192



Index Terms

ASHRAE. See American Society of
Heating, Refrigerating and
Air-conditioning Engineers

B

ballasts

high efficiency electronic

improving life of

losses from

magnetic

power consumption for different
BAS. See building automation system
benchmarks

comparison through

typical parameters of
blowdown control, automatic

heat recovery with
boiler fans

installing VSD in

VSD in
boiler plant, arrangement of
boilers

arrangement for maximum efficiency

auxiliary equipment for

BAS and

blowdown of

burner systems on

capacity of

classification of

combustion efficiency of

196 197f 198
201

197

196 197

198t

8t

93 94
93 94
88

89

88f

83f

102f

82 83

235 236

93

94

78

78

79 81 82

83



Index Terms Links

ASHRAE (Cont.)

...combustion efficiency v.0O,

concentration in 84f
construction of 77 78
control systems for 235 236 236f
decentralized 101
efficiency of 101
excess air in 85

feedwater pump arrangement for

multiple 87f 88f
fouling/scaling of 100
heat balance for 81f
heat recovery from flue gas in 91
ideal system of 101
improving efficiency of 85 91
inflows/outflows of 78f
isolating off-line 100 101
minimizing conduction/radiation losses

in 90
operating configuration for 94
operating pressure of 85
optimum start controls for 91
overall efficiency of 81 82
preheating combustion air for 91
radiation losses in 90t
radiation/convection losses for 82 82t
replacing 101
sequencing programs for 94
space heating arrangements of 78f
standby equipment for 87
standby losses in 89

thermal efficiency of 81



Index Terms

boilers, fire tube
arrangement of
cutaway of
boilers, water tube
arrangement of
cutaway of
building automation system (BAS)
AHU and
alarms and
boilers and
chillers and
configuration of
demand limiting algorithm of
duty cycling algorithm of
economizer cycle and
fans and
feedwater pumps and
interlock features of
main components of
optimal start-stop algorithm in

optimize start-stop in

resetting chilled water temperature

with
resetting space temperature
with
scheduling with
static pressure reset algorithm
trend data from
trend logging with
variable pumping systems and
VAV and

ventilation fans and

79f
80f

79f
80f
15
237
232
235
233
228f
229
229
242
237
236
228
227
175
238

239

242
227
241
230f
230
240
241
238

125

233
236

243f
238

239

240

228

231f

241f

242
239f

172

238f

232f



Index Terms

building energy performance, estimation
of
building envelope
air curtains and
air leakage through
automatic doors for
basic elements of heat gain through
heat gain/loss mechanisms for
heat transfer in
vestibules and

weather-stripping of
C

candela
carborn dioxide (CO,), emission of
CAV. See constant air volume systems
centrifugal pumps
performance of
chilled water system, flow and capacity
in, relationship between
chilled water temperature
chiller efficiency and
chiller/pump efficiency and
pressure-enthalpy diagram of
reset of
chiller plant
consolidation of
chiller sequencing
chilled water temperature for
control system for

cooling load/chilled water temperature for

256

255
246
254
255
246f
245
254
254

184

105
111

52

59f
60f
59f
58

48
51
54
51
55

255f
254

256

239

119
54f

55f

255

240

55

235



Index Terms Links

chiller sequencing (Cont.)
decoupler flow/chilled water

temperature for primary-secondary

systems of 56 57 57f 234 234f

235

strategies for 54

chillers

BAS and 233

basic control system for 233 233f

centrifugal compressors in 28 30f

cooling towers and 136f

efficiency of 17 17f 18f 36 138
141 143

efficiency rating for 28 30 31

ESMs for 14

evaporators in 101

financial benefits of high-efficiency 36

free cooling 73 74f

heat recovery in 102 102f

improving efficiency of 44 58 61

IPLV rating for 31

life-cycle cost of 36

loading v. efficiency relationship for 40

optimum efficiency of 40

part-load curve of 41f

reciprocating compressors in 27 28f

SCrew compressors in 27 28 29f

scroll compressors in 27 29f

sizing and configuration of 40

system efficiency curves for 52f



Index Terms

chillers, absorption
heat-recovery system and, arrangement of
use of
chillers, air-cooled
operation of
water-cooled chillers v.
chillers, water-cooled
air-cooled chillers v.
efficiency of
CLTD. See cooling load temperature
difference method
CO,. See carbon dioxide
color rendering index (CRI)
typical values of
color temperature
compact fluorescent lamps
halogen lamps
incandescent lamps
lamps, common
combustion analyzers
composite wall, heat transfer through
compressed air systems, ESMs for
condensate recovery
condenser subcooling
pressure-enthalpy diagram for cycle
with
condenser tubes
automatic cleaning systems for
blow down/cleaning
fouling/scaling of

scaling/fouling of

67f

67 68
34

33

33

33 34
33

36

185

186t

184

188

187

186

185t

11

249f

15

95 96 100
32 33

33

64 64f

63

148

62 63 63f



Index Terms

condenser water
flow rate of
range
treatment of
condenser water temperature
chiller efficiency and
pressure-enthalpy diagram showing
effect of
reset of
constant air volume systems (CAV)
control arrangement of
cooling load temperature difference
method (CLTD)
cooling tower approach
cooling tower fans
cycling of
lowering speed of
power consumption of
speed control of
switching off
VSD to control
cooling towers
airflow/capacity relationship in
capacity control of
central chiller system and
counterflow
crossflow
efficiency of
ESMs for
fill packing material in
forced-draft counterflow

forced-draft crossflow

145
145
148

62f

61f
61
169
237f

256
62

135
139
141
143
141
148
139

149f
139
136f
135
135
142f
14
135
136
136

146
144f 145f
144 145

214 230 237

147 148

142f
149
140f 141 143

136

147 148
136f
137f

143t



Index Terms

cooling towers (Cont.)

free cooling with 148 149f
induced-draft counterflow 136 137f
induced-draft crossflow 136 138f
installation of 146
optimum operating point of 145
rated capacity of 139
sizing of 138
spacing of 146f
water flow control of 140f
water flow in defective 147f
water spray systems in 135 147 148
CRI. See color rendering index
D
Darcy-Weisbach equation 109
data loggers 11
decoupler pipe 56 57 107 119 234
purpose of 118
demand limiting strategy 229
demand management strategies 220f
DOE-2 256 257
dry-bulb temperature 135 176
E
Eeconomizers 31 32 91 92
air 176
arrangement of 32f 92f
BAS and 242

pressure-enthalpy diagram for cycle
with 32f
waterside 74 74f



Index Terms Links

EER. See energy efficiency ratio

efficacy

compact fluorescent lamps 188 194

fluorescent lamps 187

halogen lamps 187

incandescent lamps 194

linear fluorescent lamps 188 195

low pressure sodium lamps 190

mercury vapor lamps 189

metal halide lamps 189
efficacy, luminous 184

lamps and 185t
elevators

control systems in 217

electrical energy consumption

of 216
hydraulic 216
lighting in 217
motor for 216
reducing capacity of 218
traction 216 217
type of drive in 217
types of 216

EMS. See energy management system
energy audits 3
baseline for system performance

during 16
case study for 16
computation of useful parameters for 13
data analysis in 13 14
data collection/logging for 10

end user profile in 7



Index Terms

energy audits (Cont.)

interviews in

introductory meeting for

investment grade

level one of

level three of

level two of

plotting of data in

scope of work in

short-listing in

tabulation of data in

utility bill analysis in
energy efficiency ratio (EER)
energy management

historical database for

objectives of

program for

team
energy management system (EMS)
energy recovery systems

arrangement of

arrangement/operation of
energy saving measures (ESM)

air distribution system

air handling units

chillers and

compressed air systems and

cooling towers and

lighting and

pumps and

steam/hotwater systems and

Energy Services Company (ESCO)

10

125 172
178

179f

178f

3 10
15

15

14

14

14

15

14 15
15

16

221

220



Index Terms Links

Energy Star program 224
Environmental Protection Agency (EPA) 201 224
EPA. See Environmental Protection

Agency
equipment standby losses 223 224

ESCO. See Energy Services Company

ESM. See energy saving measures

F

fan(s). See also boiler fans; cooling

tower fans

affinity laws 157 158 158t
axial-flow 155 156
BAS and 237 238 239f
centrifugal 155 155f 166
curve 156 156f  157f
discharge 160 160f
efficiency 166 167f
heat from 159
impeller power 156
inlet/outlet conditions 160
performance 155 158
reducing fan speed in 162f 169 171f
VAV, fan energy consumption and 170f
ventilation 238 239f

fan coil units (FCU) 26

FCU. See fan coil units

feedwater pumps 87
BAS and 236
boilers and, multiple 87f 88f

varying speed of 87

163



Index Terms

feedwater tank

fuel
acid dew point for
heat content values for

switching
H

heat
air-to-air recovery of
conduction transfer of
convection transfer of heat
from fans
radiation transfer of
recovery of sensible
recovery of total
recovery system for
sensible transfer of

solar radiation

HID. See lamps, high-intensity

discharge
high-bay lighting

hydronic heating systems

ice harvesting systems
arrangement of

ice slurry systems

ice encapsulated systems

ice-on-coil systems

IGA. See investment grade audits

insulation

100

92t
86t
86

177
246
246
159
246
179
179
67

175
250

195
103

70
70f
70
70
70

249

87

248

247

247

94f

196

71

70f

249
248

101

250

102



Index Terms

investment grade audits (IGA)
K
kW sensors

L

lamps
color temperature for common
energy-efficient
replacing
types of
typical efficacy of
lamps, compact fluorescent
efficacy of
in elevators
incandescent lamps v.
lamps, fluorescent
color temperature of compact
compact
CRI for compact
CRI for linear
efficacy of
efficacy of compact
efficacy of linear
linear
reflectors and
sizes of
lamps, halogen
color temperature of

efficacy of

11

185t
194
193
186
185t
194
194
217
194t

188
189f
187
188
187
188
188
188
198
188f
187f
187
187

195

199



Index Terms

lamps, high pressure sodium
color rendering index of

lamps, high-intensity discharge (HID)
advantages of

lamps, incandescent
color temperature of
compact fluorescent lamps v.
CRI of
efficacy of

lamps, linear fluorescent
efficacy of

lamps, low pressure sodium
efficacy of

lamps, mercury vapor
efficacy of

lamps, metal halide
efficacy of

light pipes

light shelves

light tubes

lighting controls
day
delamping
effective use of natural
effective use of task
in elevators
energy saving device for
ESMs for
heat added by
high-bay
levels of

Links

190f 195
189

189

191

186f

186

194t

186

194

198

195

189 191f
190 196
190f

189

190f 195
189

203

203 203f
203

199

201

192 193
200f

193f

217

200 200t
15

183

195 196
191 191t

196

196

201



Index Terms Links

lighting controls (Cont.)

light pipes 203
light sensing for 199 200
light shelves as 203 203f
light tubes as 203 203f
occupancy sensing for 199
outdoor 196
overall efficiency of 192
parameters measured for 12
power density of 192
reducing levels of 192
skylights as 202 202f
timers for 199
use of task 193
load, cooling 16 21f
importance of estimating expected 43
load factor 5 219
definition of 7
load shifting 220 221
loads, demand reduction for intermittent 221f
lumens, definition of 183
luminaires 198
of fluorescent lamps 198
luminous flux 183
common light sources and 184t
luminous intensity 184
lux
definition of 184
typical values of 184t
M

mechanical steam traps 97 98



Index Terms

motors
core losses of

efficiency of

efficiency v. loading of

losses in
reducing losses in

replacing

rotor resistance loss in
stator resistance loss in

three phase asynchronous AC

N

National Lighting Product Information

Program (NLPIP)

natural lighting, effective use of
NLPIP. See National Lighting Product

Information Program

O

OTTV. See overall thermal transfer value

outdoor lighting

overall thermal transfer value (OTTV)

P

peak shaving

power, electrical
apparent
maximum demand of
reactive
real

vector diagram for

209
208
211f
209f
209
210
209
209
212

201
200f

196
255

219
207
208
218
208
208
208f

209f  210f

211

256

220

218f 229
222

211



Index Terms

power factor
bulk correction of
correction of
improving
static correction of

power optimizing devices

power transmission/distribution systems

PowerDoe

primary chilled water pumps, reducing

capacity of

pump curve
flat/steep characteristics in
flow rate/pressure in
impeller size and

pumping systems
closed/open, arrangement of
constant speed
consumption of energy in
control strategy for
cube law of
direct return
flow rate of

friction losses in

losses for different types of valves in

operating point in
pressure head in
pressure losses in

primary-secondary

reducing impeller diameter in
reducing speed of

reverse return

208
222
222
223f
222
213
222
257

18
111f
110f
110
116f

107f
121f
114f
125f
117
106
108
128
129
131f
108
128
107
124f
113
113
106

222
223f
223

222f
214

19
115

115f

107 107f

129
108 108f 118 118f

126
108f

122f



Index Terms

pumping systems (Cont.)
system resistance curve of
three-way valves
throttling valve in
two-way valves

variable flow

variable flow set point in, reset of

variable speed
VSD in

pumps
affinity laws for
classification of
control systems for
efficiency of
end-suction/in-line
ESMs for

horizontally/vertically-split case

operating point of
oversized
parameters measured for
power consumed by
sizing

pumps, centrifugal
performance of

pumps, feedwater
BAS and
boilers and, multiple

varying speed of

pumps, primary chilled water, reducing

capacity of
pumps, secondary chilled water

operation of

109
116
113
116
116
125
118
117

111
105
236
130
106f
14
106f
113
113f
12
111
112
105
111
87
236
87f
87

18
19
20

109f
117

116f

120

126

119

112t

236f

15

117
126

88f

19
20

117f

117

120f

119f

237f

117f

122f 126

124 126

240



Index Terms

R

radiation transfer, of heat
refrigerant
refrigeration
capacity of
operating principle of
refrigeration cycle, p-h diagram of ideal

rotor resistance loss, in motors
S

secondary chilled water pumps
operation of
sensible transfer, of heat
shading coefficient (SC)
SHGC. See solar heat gain coefficient
skylights
solar heat gain coefficient (SHGC)
stator resistance loss, in motors
steam pressure
maintaining set
optimizing
reducing
steam traps
identifying defective
leaks in
mechanical
operation of
thermodynamic
thermostatic

types of

246
24
23
26
24f
126
209

19
20
175
251

202
251
209

236
85
85
96
98
98
97
98
97
97
97f

127f

20

202f

86

99
98

98
98

99f



Index Terms

steam/hot water systems
ESMs for

parameters measured for
T

task lighting, effective use of
temperature

approach

radiant

space

space, reset of
temperature, color

lamps and
temperature, dry-bulb

temperature, wet-bulb

thermal response factor method

thermal storage

capacity of

chilled water

eutectic salt

full storage strategy for

ice

partial storage strategy for
thermostatic steam traps
transfer function method
transformers

arrangement of

coil losses (load losses) of

core loses (no-load losses) of

dry type

15
12

193f

137
175
175
175
184
185t
135
62
143
256
69
69
69
69
72f
69
72f
97
256

214f
214
214
214

141 143 233

237

242

185

176

135 137 138 139

220

69f

71

73
98

215
215 216

141



Index Terms

transformers (Cont.)
eddy current losses in
hysteresis losses in
liquid filled
losses in
primary winding

secondary winding
Vv

valves
control, and AHU
flow, constant
pumping systems and
vapor compression cycle
absorption cycle and, difference
between
p-h diagram for ideal
pressure-enthalpy diagram for
variable air volume systems (VAV)
arrangement of
BAS and
control arrangement of
discharge dampers in
fan energy consumption in
inlet guide vanes in
optimization algorithm for

static pressure sensors in

variable frequency drives (VFD). See

variable speed drives
variable speed drives (VSD)
configuration of

control circuit in

215
215
214
214
214
214

125
19
113
24

25
58
25f
170
171f
241
238f
170
170f
170
172
171

88f
213f
213

215f

116
24f

237

242

171

173

89

116f 117
27

173f

114 162

129

212



Index Terms

variable speed drives (VSD) (Cont.)

cooling tower fans controlled with

intermediate circuit in
inverter in
in pumping systems

rectifier in

VAV. See variable air volume systems
VFD. See variable frequency drives

VRV. See variable refrigerant volume

systems

VSD. See variable speed drives

W

walls and roofs
heat transfer through
texture/color of

wet-bulb temperature

windows
heat flow through
heat transfer through
multipaned
SC of
shading devices for
SHGC of
special coatings for
U-value of

visible transmittance of

139
213
213
117
213

248
249
62
143
202
250f
250
253
251
251
251
251
250
251

140f

119

248f

135

253f

252f

252
251

141

119f

137

253

143

124

138

253f

143t

126

139

141





