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Preface

This Handbook of Integrated and Sustainable Buildings Equipment
and Systems is a direct result of the American Society of Mechanical
Engineers (ASME) initiative on Integrated/Sustainable Building
Equipment and Systems (ISBES) which has the objective of filling voids
in the literature and motivate advances on integrated mechanical systems
in buildings. The main focus of this first Volume of the Handbook is
on integrated energy systems in the built environment. The handbook
includes current state of knowledge in areas of energy equipment and
building energy modeling tools, and emerging topics in a wide range of
areas encompassing combined heat and power, building energy storage
systems, and advanced control strategies for mechanical energy systems
in buildings. In addition, the integration of renewable energy and passive
cooling and heating strategies as well as the latest advanced techniques to
analyze energy demands at the neighborhood and city scales are addressed.
The contributors have a diverse set of skills and extensive experience in
building energy engineering. The main audience for the Handbook are
practitioners building engineers and researchers seeking current and
emerging topics in a single source.

The first handbook of the ISBES initiative highlights the state-of-the art
in energy systems for buildings and has four different but very important
focus areas:

* Developing and promoting innovative energy efficient design
strategies;

* Integrating renewable energy generation into buildings and building
systems;

» Integrating power generation systems into building heating and
cooling systems; and

» Integrating energy strategies at neighborhood and city-scales.

A strategic workshop was convened on April 24, 2013 at the ASME
Center for Research and Technology Development (CRTD) and ASME
Emerging Technologies (ET) at the ASME offices in Washington, D.C. in
order to identify and evaluate challenges and opportunities in topical areas
related to ISBES. National technical experts and thought leaders from
industry, government, and academia came together for a detailed one-
day discussion of the four proposed ISBES-topical areas. The workshop

xiii



was proceeded by several technical sessions at the ASME International
Conference and Exposition and at the International Energy Sustainability
Conferences. These efforts resulted in a wealth of knowledge that was
first summarized in a Special Issue in the ASME Journal of Solar Energy
Engineering, and now expanded in this Handbook of Integrated and
Sustainable Buildings Equipment and Systems. Volume I: Energy Systems.
We hope this handbook will be the first of a series of contributions that
will eventually cover most aspects of mechanical systems for sustainable
buildings. Most importantly, we hope that ISBES related activities and
products provide a point of encounter for continuous dialog in the very
relevant subject of building systems.

We would like to thank the contributors at the initial workshop in
2013, to all authors that presented their works at the follow up technical
conferences and journal publications, and to the authors of this Handbook,
an effort that spanned over three years from the inception of ISBES
initiative. Our special thanks to ASME Production Staff, Tara Collins and
Mary Grace Stefanchik, for their encouragement and patient throughout
this editorial process.

We hope the readers find the contents of this handbook useful to their
practices and insightful to inspire new advances and developments of
Energy Systems for Sustainable Buildings.

Jorge E. Gonzalez and Moncef Krarti

(Editors)
May 2017
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1 Introduction

Jorge E. Gonzalez and Moncef Krarti (Editors)

Abstract

This Handbook of Integrated and Sustainable Buildings Equipment and
Systems is a direct result of the American Society of Mechanical Engineers
(ASME) initiative on Integrated/Sustainable Building Equipment and
Systems (ISBES) which has the objective of filling voids in the literature
and motivate advances on integrated energy systems in buildings. The main
focus of this Volume I of the Handbook is on integrated energy systems
and is organized from the current state of knowledge in areas of energy
equipment and building energy modeling tools, to emerging topics in a wide
range of areas encompassing combined heat and power, building energy
storage systems, and advanced control strategies for mechanical energy
systems in buildings. In addition, the integration of renewable energy and
passive cooling and heating strategies is particularly addressed, closing
with advanced techniques to analyze energy demands at the neighborhood
and city scales. The contributors have a diverse set of skills and extensive
experience in building engineering. The main audience for the Handbook
are practitioners building engineers and researchers with the intention
of finding current and emerging topics in a single source. This first
introductory chapter summarizes the current state of building energy in the
global energy sector, and provides a brief synthesis of the strategic areas that
the Handbook addresses consistent with the ASME ISBES initiative. The
introduction also highlights areas of challenges and opportunities for each
of the focus areas, and discusses other topics that may need to be address in
the future, and not covered in this Handbook. We hope the readers find the
content relevant and useful to their practice and insightful to inspire new
advances and developments of Energy Systems for Sustainable Buildings.

1.1 Introduction

Although the United States and the developed world has made
significant progress in increasing energy efficiency for the transportation
and industrial sectors, the building sector energy efficiency has only been
modestly improved and remains well below what building owners and



government policy leaders have hoped for. Automobiles, aircraft systems,
and locomotion systems have all shown energy efficiency improvements
twice those of building systems. In response to this shortcoming, the
American Society of Mechanical Engineers (ASME) formed the Integrated/
Sustainable Building Equipment and Systems (ISBES) Initiative as a new
strategy to enhance building energy efficiency and reduce building energy
use.

The initial focus of ISBES initiative is in energy systems for buildings
and has four different but very important focus areas:

* Developing and promoting innovative energy efficient design
strategies,

* Integrating renewable energy generation into buildings and building
systems,

* Integrating power generation systems into building heating and
cooling systems, and

* Integrating energy strategies at neighborhood and city-scales.

A strategic workshop was convened on April 24, 2013, at the ASME
Center for Research and Technology Development (CRTD) and ASME
Emerging Technologies (ET) at the ASME offices in Washington, D.C. for
the purpose of identifying and evaluating the challenges and opportunities
in the area of ISBES. National leaders from industry, government, and
academia came together for a detailed 1-day discussion of each of the
four proposed ISBES-topical areas. This Handbook of Integrated and
Sustainable Buildings Equipment and Systems: Volume I Energy Systems
is a direct result of this initiative, and was preceded by a special issue
of the Journal of Solar Energy Engineering in 2013 [1]. The Handbook
is organized from the current state of knowledge in areas of mechanical
equipment and building energy modeling tools, to emerging topics in a
wide range of areas encompassing combined heat and power, building
energy storage systems, and advanced control strategies for mechanical
systems in buildings. In addition, the integration of renewable energy and
passive cooling and heating strategies is particularly addressed, closing
with advanced techniques to analyze energy demands at the neighborhood
and city scales. The contributors have a diverse set of skills and extensive
experience in building engineering. The main audience for the Handbook
are practitioners building engineers and researchers with the intention of
finding current and emerging topics in a single source. This introduction
summarizes the current state of building energy in the global energy sector,
and provides a brief synthesis of the strategic areas that the Handbook
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addresses consistently with the ASME ISBES initiative. The introduction
also highlights areas of challenges and opportunities for each of the four
focus areas, and discusses other topics that may need to be address in
the future, and not covered in this Handbook. We hope the readers find
the content relevant and useful to their practice and insightful to inspire
new advances and developments of Mechanical Systems for Sustainable
Buildings.

1.2 On the State of Building Energy in the U.S. and Global
Energy Sector

Buildings represent the most energy intensive sector in the vast
majority of countries. According to the US Department of Energy, build-
ing represented 40% of the total US energy used (Figure 1.1a; [2]). The
total energy usage for US in 2014 was about 3 TW-yr (100 QBtu). This
represents close to 1 TW-yr (40 QBtu) of the energy usage by the building
sector alone, and hence the importance of focusing efforts in understanding
and engineering strategies and technologies to reduce energy usage in
buildings. Within buildings, mechanical systems represent the majority of
the energy end-use (Figure 1.1b [3]), representing close to 50% for space
heating and cooling, and for hot water. Further, the fraction of energy usage
by US buildings compares favorably with the majority of the countries, as
shown in Figure 1.2. It is clear, however, that buildings play a major role
in the global world energy demand.

Space heating |37%

(b) Water heating :’14%
Space cooling :9,0%
Other [ 7.4%
Lighting [ ]6.7%
Refrigerators 6.6%
Cooking [ ]4.9%
Clothes dryers [ ]3.5%
Other electronics [ ]2.7%
Freezers :]2‘1%
Heating appliances | |1.6%
Televisions ]1.5%
Motors [ ]0.9%

Dishwashers :l 0.8%

Clothes washers ]0.5%

Personal computers ||0.3%

Figure 1.1. (a) Percentage of energy usage by key sectors in US [2],
and (b) Distribution of energy usage within an average building [3].
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Energy Use by Sector
Selected Countries

80
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|I:IBuiIdings m Industry [ Transportation ‘

Figure 1.2. Percentage of energy usage by sector for different countries [4].

Efforts to reduce energy consumption via proven and innovative
technologies and designs may go long ways in a sustainable path, and
this is the primary objective of this Handbook. Key elements include
integrated renewable energy technologies and energy-efficient mechanical
systems, and combined heat and power systems.

1.3  On Building Energy Modeling

Building Energy Modeling remains the basis of useful design tools
but is still highly assumption driven. In particular, building energy models
are useful in setting design directions but are still far from providing
accurate energy use predictions. Chapter 2 of this Handbook provides
an overview of fundamental concepts useful to carry out an energy
modeling and analysis of both new and existing buildings. The energy
analysis concepts outlined are focused on modeling and evaluation of
building envelope components thermal performance and their impacts
on whole-building thermal loads for both heating and cooling systems
under steady-state and transient conditions. In particular, basic modeling
methods and techniques are presented for building thermal analysis.
These modeling methods are then applied to develop forward and inverse
models as well as detailed whole-building simulation tools that can be
used to design, operate, and retrofit building energy systems. Finally,
some of the commonly utilized whole-building energy simulation tools
and their applications are presented.

Building design optimization remains a difficult and challenging. The
use modeling is an area to bridge this gap. New building optimization
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codes such as the US Department of Energy National Renewable Energy
Laboratory BEopt™ (Building Energy Optimization) software (https://
beopt.nrel.gov/) are becoming available to evaluate residential building
designs and identify cost-optimal efficiency packages at various levels of
whole-house energy savings along the path to zero net energy.

1.4 On Controls and Monitoring of Building Systems

Building systems control strategies provide significant energy-savings
opportunities to various energy consuming equipment such boilers,
chillers, and motors. A chapter (Chapter 5) is dedicated to this important
topic providing basic concepts of HVAC system controls where typical
supervisory controls including energy management and control systems
(EMCs) are outlined. Several applications of EMCS are discussed
to illustrate the types of controls that can be implemented for building
energy systems and equipment. In the discussion of the applications for
the supervisory controls, the benefits of using optimal control strategies to
operate building energy systems are outlined and evaluated.

The energy efficiency optimization of complex HVAC systems in
buildings is built-in interdependency into system components, with more
variables are being monitored and controlled, and subsequently larger
data sets are increasingly available for equipment, system, and user
domains. This increase in complexity and real-time information is leading
toward new techniques and technologies for equipment and system level
monitoring, supervision, and fault detection, some of which have emerged
in commercial applications. However, there is a wealth of opportunities
to enhance and integrate new and on-going research in automated fault
detection techniques that can be deployed by building management systems
(BMS), or implemented as stand-alone HVAC control and supervision
applications, to increase system performance, efficiency, and quality of
service.

Chapter 9 presents a review of the different types of approaches
of fault-detection techniques, state-of-the-art technologies, referenced
applications to industrial and HVAC settings, commercial applications
with embedded fault-detection ability, as well as challenges to be
addressed in this field. The chapter also presents a case study to showcase
the implementation of automated fault detection in a district cooling
application.



Despite these advances, controls and monitoring will continue to
rapidly evolve due mostly to the amount of new sensing capabilities,
massive data gathered of the operations of components and systems,
and controls for individual systems. Thus, addressing the integration
of controls and control strategies and focusing on the following key
questions will be essential on the following:

e How can various building control systems communicate with
each other?

e How do integrated building strategies differ from individual
building strategies?

*  How are components in the system really working? (In some cases,
fluids have been found to be flowing in the wrong direction.)

*  How we best use building data for improved operation and fault
detection?

The hope is that future efforts would answer these questions related
to control systems, including building data management systems.

1.5 On Passive Design Strategies

Building has significant impacts on the environment and natural
resources. Indeed, the construction, maintenance, and demolition of
buildings consume tremendous natural resources and produce significant
environment pollutions. Historically, humans have learned to utilize the
natural resources to cool, heat, and ventilate spaces. Over the course
of time, dwellings have evolved to respond to challenges associated to
diverse and ever-changing climatic conditions. For instance, techniques
and materials for constructing materials have been perfected through a
long period of trial and error and the ingenuity of local builders who
possess detailed knowledge about their specific location and climate.
Passive architecture varies widely with the world’s vast spectrum of
climate, terrain, and culture. In particular, passive architecture contains
significant information and knowledge on how to optimize the energy
performance of buildings at low cost using local materials. Sun, earth,
sky, and atmosphere are adequate, fundamental, and renewable resources
that can be utilized to increase building indoor thermal comfort while
reducing building energy use (Figure 1.3). Good understanding of heat
transfer mechanisms (conduction, convection, radiation, evaporation,
and condensation) between ground medium, surrounding environment,
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and building elements facilitate proper design to fully take advantage
of the cooling and heating capacity of ambient conditions (solar, air,
sky, etc.). A chapter is therefore dedicated to this topic (Chapter 4) that
introduces the general principles and considerations of designing and
implementing passive cooling and heating techniques for sustainable
building development. The Chapter discusses in detail seven commonly
used passive cooling and heating techniques, focusing on presenting
general principles, thermal and energy performance, and key design
considerations of these techniques. The selected passive techniques are
classified into three major categories based on their main functions:

1. Passive cooling techniques, including natural ventilation, night
cooling and thermal mass, and evaporative cooling.

2. Passive heating techniques, including Trombe wall and sunspace.

3. Combined passive cooling and heating techniques, including
double skin facade and phase change material.

1.6 On Integrated Renewable Energy Generation and Energy-
Efficient Technologies

A key focus area of the ASME ISBES effort covers the challenging
question of how the growing availability of renewable energy generation
should be integrated into buildings and the current electrical grid. The
application of more energy-efficient designs and the use of efficient
technologies can greatly reduce electrical load of any individual building.
Energy generation from renewable sources, when combined with storage
options, can help meet building electrical load and can provide excess
energy back to the electric utility. New electric utility metering policies
are making the utility grid a “two-way street.”

Chapter 7 of the Handbook covers photovoltaics, daylighting, passive
solar heating, and cooling, solar water heating and solar ventilation air
preheating as the most relevant renewable energy technologies for building
integrated options to an individual building or a group of buildings.
The authors of Chapter 7 bring a unique collection and perspectives of
research and practice in the field of renewables in the building sector.

The opportunities that building integrated renewable technologies can
be significant and are currently growing. Examples include innovative
approaches combining solar into air conditioning that can double the
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Figure 1.4. Sample of daylighting techniques into buildings’ facade
(from Walker, Chapter 7).

coefficient of performance (COP) over conventional systems. Hybrid
solar collectors, combining photovoltaic electric generation and thermal
collection, can achieve coefficients of performance over 1.0. Optimizing
architectural designs and system selections can result in buildings that
approach “net-zero” energy use.

There are, however, a large number of challenges and opportunities
for integrating renewable energy systems into buildings that engineers
and researchers should keep in mind as we advance into this emerging
field, some were discussed in the ASME ISBES Workshop, and are
outlined here.

» First cost remains a significant barrier to the acceptance of
renewable energy technologies in buildings, and the cost of energy
storage remains a major key problem in advancing renewables.
Storage of electricity is still not highly evolved. Advances in
battery technology are paving the way for electricity storage.
Incentives remain key to support adoption of renewables in
buildings. Appropriate utility rates, such as real-time pricing for
electricity, would help promote more energy storage.

* The integration of solar technologies into building designs remains
a challenge. Occupants’ behavior can be a strong contributing
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factor to design integration and energy performance. Additional
efforts to improve user awareness and involvement is required in
this regard.

Solar energy can be a “local” generator of power in support
of net-zero buildings. Utility company grids are the buffer
when a building or system does not have electrical storage
capacity. Strategies must be found to reduce the “pressure” of
solar power production on the utility grid. One strategy is to
schedule workloads to “follow” the sun (the availability of solar
generated power) so that solar power can meet local loads before
it is routed to the utility grid network. Utilities have their own
codes and standards to meet in controlling the utility grid. They
are likely to be more receptive to local solar power generation
when they can see how it will improve their own load control
(by peak-shaving for example). The growth of renewables also
raises important questions about who will control energy flow.
Control of energy flow has typically been highly “segregated” by
the electric meter — utilities controlling flow on the power side of
the meter while HVAC and electrical engineers controlling flow
on the customer side of the meter. However, utilities traditionally
have been reluctant to accept power generation from the customer
side of the meter, while customers typically have been reluctant
to hand over control of household and building systems to the
utility even for significant price incentives to do so (to control
peak loads).

U.S. energy standards do not yet require renewables. However,
voluntary compliance may not be enough. Implementation
of energy standards such as ASHRAE 90.1 and 90.2 [5-6],
will continue to take place at local and not federal levels of
government. ASHRAE Std. 189.1 (Standard for the Design of
High-Performance Green Buildings Except Low-Rise Residential
Buildings) [7] has been adopted by some federal agencies, which
may pave the way to main stream renewables.

1.7 On Integrated Power, Heating, Cooling, and Thermal
Storage Equipment and Systems

This focus area covers the integration of power generation systems
with the heating and cooling systems of buildings. Electrical power can
be produced from traditional sources, like generators, to more innovative
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sources, like fuel cells and micro-turbines, as well as solar and other
renewable sources. The fundamental question for this focus area is how
to integrate these systems into building elements and how to control their
operation. As is the case with the previous focus area, energy storage
remains a significant issue to be solved if these integrated systems are to
become more common.

The Handbook presents a chapter detailing Combined Cooling,
Heating, and Power (CCHP) components and systems (Chapter 6),
complemented by a chapter in energy storage systems and coupled to
CCHPs systems (Chapter 8). Buildings are characterized by the demand
for power in the form of electricity as well as significant thermal heating
and cooling loads — thus are excellent candidates for CCHP application.
A properly designed building CCHP can meet the entire building thermal
loads and offset significant electricity needs at higher primary energy
efficiency compared with conventional technologies — based on heating
equipment and purchased electricity from the grid.

A CCHP system is usually designed to provide power in the form
of electricity while recovering the available waste heat to meet fully or
partially heating and/or cooling loads. Chapter 6 of the Handbook provides
an overview of the state-of-the-art in CCHP systems applied to commercial
and residential buildings to maximize their primary energy efficiency.
The chapter includes a discussion of available prime mover options
ranging from classic technologies, such as internal combustion engines,
to emerging technologies, such as thermoelectric generators. Different
heat recovery concepts along with their limitations and design challenges
are also addressed. These include gas-to-gas heat exchangers, gas-to-
liquid heat exchangers, and condensing economizers, as well as advanced
concepts, such as transport membrane condensers. The available heat pump
technologies that can be matched with various types of prime movers to
service the building heating and/or cooling loads are also outlined. The
heat pump options include classic thermally activated technologies, such
as the absorption and adsorption heat pumps, as well as other emerging
technologies, such as thermo-acoustic heat pumps and the Vuilleumier
cycle. A brief discussion on the economics and feasibility assessments of
building CCHP systems, such as break even time, and life cycle cost of
electricity generation is included.

Thermal energy storage (TES) systems could be used to reduce a
building’s peak power demand by shifting the peak heating or cooling
loads to the low power demanding hours. Chapter 8, the handbook provides
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Figure 1.5. Conventional versus CCHP system building integration
(from Chapter 6).

an overview of the recent energy storage research activities applicable
to building applications. The information is divided into two storage
technologies: sensible/latent TES and sorption TES. Sorption TES
technology is summarized by improving working pair properties and
enhancing sorption bed heat transfer. Investigation on the sensible/latent
TES is tailored for building storage system classification, its energy
saving potential, phase change material (PCM) property improvement,
and mathematical modeling of PCM storage system. The opportunities
and challenges in coupling TES with CCHP are also addressed in
Chapters 6 and 8.

Below, we summarized additional discussions related to CCHP,
from the 2013 ASME IBSES workshop, outlining broad challenges, and
emerging opportunities, that the Handbook did not cover which may
serve as roadmap for future research and development in combining
power systems to building operations.

e Although already a mature technology, combined heat and
power systems using microturbines coupled to traditional heat
and cooling systems are a good example of integrating power
and building systems that have been proven to offer significant
energy cost savings. However, further integration of technologies
into buildings with their environment is needed. For instance,
connecting geothermal systems to building foundations represent
an incremental innovation from known ground source heat pump
technologies. Geothermal piping in concrete pilings and in
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Figure 1.7. Installation of ground source heat pipe piping inside the
foundation piles of buildings for a project in Abu Dhabi (Courtesy of M.
Krarti [11]).
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foundation walls has been used with success in Europe and Japan
for over 10 years, with initial estimates that building energy use
could be reduced by 20% to 30% [8].

e “Breathing walls” and double-skin facades are examples of
dramatically new concepts currently being researched for com-
bined heat (cooling) and power generation [9].

* Air source heat pump technologies continue to receive attention.
In Europe, combining domestic hot water systems with air source
heat pumps has shown significant energy savings. “Earth tubes”
(air intake pipes buried in the earth so as to take advantage of the
lower earth temperatures) have been proposed as a way to present
more temperate air-to-air source [10-11].

1.8 On Neighborhood and City-Scale Integrated Energy
Strategies

This Focus Area covers diverse issues around the concept of
combining several buildings together and viewing them as integrated
urban environment on a neighborhood or city-wide scale. Such groupings
might be used to increase efficiency and reduce overall building energy
use, accept and optimize renewable technologies, generate power, or
reconfigure utility company grids and grid management. Key aspects of
this emerging topic are:

* Cities could be a source of sustainability but this would require
a holistic approach tied to local, regional, and global processes.
Urban ‘“heat islands” reduce air quality, by increasing ground-
level ozone, and increasing the demand for air conditioning,
further increasing the demand for electricity and increased carbon
dioxide (CO,) emissions related to that energy production.

e Current Building Energy Models (BEM) are based on using a single
building responding to typical weather records. This approach tends
to ignore the complex interactions of multiple buildings in an urban
setting including the width of “street canyons,” shading of solar
radiation by adjoining buildings; higher air temperatures within
urban heat islands; and variations caused in natural ventilation by
urban environments. Better urban modeling could improve the
ability of models to predict the effects of extreme weather conditions,
such as local or regional brown-outs or black-outs from excessive
air conditioning demands. As cities become denser, it is anticipated
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that there will be an increase in energy demands from cities in
the future, making it imperative to develop new methodologies
to quantify energy demands from buildings in very dense urban
environments.

Renewable energy technologies need to be studied carefully as
strategies in the urban environment. In some cases, aspects of a
renewable technology might actually make the situation worse.
Heat from PV collectors and humidity from green roofs are
two examples that merit further study [12]. Models show that
significantly increasing the use of green roofs (rooftop grass or
landscaping) in a humid urban environment can increase humidity
and increase the “heat island” effect [13—14]. This suggests that
individual building-level renewable applications may improve
single building performance but widespread use of such
technologies, in an urban setting, may have the opposite effect.
Integrated Energy Master Plans (IEMPs), at the campus, city, or
county level, offer an opportunity to significantly reduce green-
house gases and increase building efficiency at affordable costs
within 10 to 30 years. Currently, European cities have the lead in
such projects, but both Canada and the United States have important
projects moving forward. District heating and cooling technology
fits this approach well but challenges in the United States are large
where district systems in place tend to be old and leaky. A district
heating and cooling system, supplemented by heat recovery from
municipal wastewater and high-efficiency natural gas boilers
could be an effective technology suitable for a neighborhood scale.
Sidewalks and roadways can provide the “easements” necessary
to facilitate installation. City of Phoenix, the old Austin Airport,
and the Smart Village Campus in Egypt are recent examples of
successful district cooling/heating system installation, whereas
Honolulu is considering a district cooling system using sea water.
It should be noted that the design team for a district heating and
cooling system needs to be highly diverse. In particular, the project
architect and mechanical engineer are key members of the team
and need to work collaboratively. Moreover, building operators
must be included if the project is to have long-term success.
Energy performance ratings and metrics are under development
for neighborhoods and cities such as LEED for Neighborhood
Development, of the U.S. Green Building Council (LEED-ND), a
collaborative program providing credits and levels of certification
(Certified, Silver, Gold, and Platinum) for neighborhood-level
designs and implementations [15]. In this case, Neighborhood
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Figure 1.8. City Scale Building Energy Modeling, for the case of Lower
Manhattan, New York City left represents the peak cooling demand for June
15 2016, and right represents the lighting and equipment demand. (from
Krarti et al. [16]).

Pattern and Design credits focus on connecting people to place,
shared public spaces, and nearby goods and services.

A chapter is dedicated to this emerging topic (Chapter 10) with focus on
energy modeling for cities, which addresses some of the key topics outlined
above. The chapter outlines a modeling strategy to address the urban heat
island and its impacts on energy demand which is associated mostly to the
air conditioning needed to maintain indoor human comfort conditions.

1.9 Additional Topics for Future Consideration

1.9.1 Commercial Building Lighting and Window Designs

Advances in lighting fixtures and design requirements is an additional
topic that is gaining traction in the building energy efficiency arena.
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Current standards for ambient and task lighting are outdated and do not
account adequately for the design and operation of lighting devices.
Building fenestration (windows) is an area of opportunity that is receiving
new attention. The design goal of envelope systems including window
elements is to change buildings from the traditional energy “losers” into
energy “neutral” systems. Another design goal is to try to “harvest” the
thermal energy passing through windows.

1.9.2 Data Centers

Buildings dedicated to the management and processing of information,
such as data centers, are emerging energy efficiency challenges and
opportunities. Energy use accounts for about 70% of data center operating
costs. This high cost is a significant barrier to worldwide adoption of IT
services. In 2012, Hewlett Packard completed a data center demonstration
prototype in Palo Alto, CA, which achieved 30% reduction in total energy
use and 80% reduction in overall operating costs through integrated
management of IT, power, and cooling [17]. By more carefully scheduling
critical versus non-critical IT loads in data centers, it is possible to shift
and thus better match IT workloads to the availability of renewable power.
A “Net Zero” data center can be achieved with or without onsite energy
storage. In the former case, the objective is to minimize the onsite storage
capacity required by the work load scheduling, and in the latter case, the
electricity grid can be viewed as virtual energy storage.

1.9.3 On the Subject of Climate Change and Sustainable Buildings

Modeling energy in buildings and urban environment needs to be
connected to climate change assessments. Warming temperatures may
provide new baseline for design weather conditions. Further, increasing
the reliability and resiliency of urban electrical grids provides a strong
incentive in support of this design and building management approach.
This approach is important in addressing the increasing likelihood of
significant weather events, such as extreme heat and cold events, and high
wind conditions. The need for resiliency may drive greater integration of
power into buildings and new design tools and techniques. More frequent
extreme weather events (hurricanes, heat waves, and extreme cold) are
causing more frequent power outages. Current building codes and standards
are based on historic records over the past 100 years, which may not be
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good predictors of changing future events. Building codes and standards
may have to be revised accordingly. Integrating power generation into
more buildings may become popular as a strategy to increase reliability
(from an owner’s point of view). Future building design may need to
emphasize the following strategies: long life (with durable materials),
loose fit (modularity to facilitate adding innovations as they become
available), and low energy (to reduce energy demand, reduce energy cost,
and increase sustainability). Diversity of energy supply is another strategy
to enhance buildings’ resiliency to extreme weather events.

1.10 Recommendations and Next Steps on ISBES

The following are combined recommendations from the 2013 ASME
workshop that both designers and researchers as well as the general public
should consider in moving forward to foster ISBES and to craft the vision
of a highly sustainable community of buildings (Figure 1.9).

* Sensing, metering, and communications among building systems
needs to be improved. Accessibility of more sub-metered data and
the interoperability among data sets should be a focus of further
research. Low cost or “virtual” sensors to facilitate diagnostics
and control should also be further developed. Building energy
management systems and building control strategies need to be
enhanced so that advanced, integrated buildings can demonstrate
persistent improved energy performance over much longer periods
after commissioning.

* Integration of solar technology into buildings suggests several
research areas requiring new skills and innovative design approaches
including: rethinking windows as a source of thermal energy or
to generate power, additional technologies and techniques to use
the building envelope to store energy, or further innovations in
electro/chemical or flow batteries for storage.

* Professional organizations, such as ASME, ASHRAE, AHRI,
IEEE, UL, DOE, IEA, IIR, and SEPA, should work collaboratively
when addressing the topic of Integrated/Sustainable Building
Equipment and Systems. Joint technical committees should be
established and include all of the above as well as members from
the climate change community, which could help to focus decision
making and prioritize research topics by drafting a research road
maps for the future.
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Figure 1.9. Vision of sustainable community of buildings using highly
integrated energy systems.

* Organizations should collaborate for indexing and cataloging
sources of urban “thermal pollution” from pavements, cars, solar
PV panels, various roofing materials, and other common sources.
Also, there is a need to benchmark larger integrated building
energy models.

*  Modeling and simulation tools need to be improved so that time
required for data input are appropriate to complete the analysis
of the project performance and its alternative designs in timely
manner. Current tools take too long and show too great a variance
in output results. Existing codes and standards need to be enhanced
to recognize the benefits of integrated, energy-efficient building
designs.

*  There is a need for thermal metering standards so that flow meters
can meet “revenue grade” standards. These are important for
district heating systems and other energy systems with fluid flows.
Opportunities for contributing via collaborations to international
building energy codes should not be overlooked, particularly for
warm climates, both humid and dry.

* At the city scale, improving our understanding of complex
heat flux in cities will require: advanced surface and vertical
sensors, data mining and visualization techniques, managing of
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climate data records, and improved modeling tools. To date, the
engineering community has had little involvement in the energy
sustainability of cities. Fundamental, experimental, and applied
research is needed to better understand energy/mass/momentum
fluxes at the adequate temporal and spatial scales. Collaborations
with international, federal, and state agencies may lead to funded
research in this area.
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2 Building Energy Systems Modeling
and Simulation

Moncef Krarti

Abstract

This chapter provides an overview of fundamental concepts useful
to carry out an energy analysis of both new and existing buildings. The
energy analysis concepts outlined in this chapter is focused on modeling
and evaluation of building envelope components and their impact on
thermal loads for heating and cooling systems under steady-state and
transient conditions. In particular, basic modeling methods and techniques
are presented for building thermal analysis. These modeling methods are
then applied to develop forward and inverse models and simulation tools
used to design, operate, and retrofit building energy systems. Finally, some
of the commonly utilized whole-building energy simulation tools and their
applications are presented.

2.1 Introduction

To determine design thermal heating and cooling loads, analyze energy
consumption, and estimate the cost effectiveness of energy conservation
measures suitable for buildings, a myriad of calculation methods and
simulation tools can be utilized. The existing energy analysis methods
vary widely in complexity and accuracy. To select the appropriate building
energy analysis method, several factors should be considered including
speed, cost, versatility, reproducibility, sensitivity, accuracy, and ease of
use [1]. Currently, there are over hundreds of energy analysis tools and
methods that are used worldwide to estimate heating and cooling thermal
loads and to predict the potential savings of energy conservation measures
for both residential and commercial buildings. In the United States, DOE
provides an up-to-date listing of selected building energy software [2].

In this section, some of the most relevant energy analysis techniques
and methods for both commercial and residential buildings are described.
In particular, simplified thermal analysis methods, such as variable-based
degree-day and thermal network techniques are introduced with some
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applications to estimate thermal performance indicators of buildings. In
addition, detailed energy modeling and simulation techniques suitable for
designing and retrofitting building envelope systems are presented. First,
an overview of fundamental principles of building physics is provided
including heat transfer through building envelope under steady-state
and transient conditions. Then, simplified and advanced energy analysis
methods suitable for buildings are introduced. Finally, a brief description
of various forward and inverse modeling techniques for whole-building
energy performance analysis is presented. The methods and techniques
presented in this chapter are the basis of a wide range of whole-building
simulation tools used to design, operate, and retrofit various energy
systems suitable for residential and commercial buildings.

2.2 Basic Heat Transfer Concepts

Heat transfer from the building envelope can occur through various
mechanisms including conduction, convection, and radiation. In this
section, fundamental concepts of heat transfer are briefly reviewed. These
concepts and associated metrics are typically used to characterize the
thermal performance of various components of the building envelope and
are useful to estimate heating and cooling thermal loads.

The steady-state heat transfer from a multi-layered wall or roof can be
found by determining first its overall R-value:

Figure 2.1. Heat transfer from a multi-layered wall.
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Np
Rr =Y R; 2.0
j=1
Where:

*  R;isthe R-value of each homogeneous layer part of the construction
of the wall or roof assembly. It includes the R-value due to
convection at both inner and outer surfaces of the wall or roof.

e Ny is the number of layers (including the convection boundary
layers) that are part of the wall or roof assembly. For instance, in
the wall assembly presented in Figure 2.1, N = 5 (3 conductive
layers and 2 convective layers).

The overall U-value of the wall or roof can be defined simply as the
inverse of the overall R-value:

Ur=— (2.2)

It should be noted that practitioners usually prefer to use R-values
rather than U-values since the U-values are small especially when
insulation is added to the wall or roof assembly. For doors and windows,
the use of U-values is more common since these components have low
R-values.

Under steady-state conditions, it is possible to estimate the R-value of
the wall by measuring three temperatures as indicated in Figure 2.2: the
indoor air temperature, 7, the outdoor air temperature, 7; and, the indoor
surface temperature, T, ise

Since the steady-state heat flux through the wall can be estimated
using the equivalent thermal network shown in Figure 2.2:

qzi.(y;_To):Ah,-(T}—ﬂ,s) 2:3)
Rr

Thus, the R-value of the wall, Rz, can be expressed as follows as a
function of the indoor heat convection coefficient, /;, and the temperatures,
T;, Ty, and Tj:

_1 T -Ty)

"k -1 29
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Figure 2.2: Temperature measurements for overall wall thermal resistance
estimation.

Alternatively, the U-value of the wall can be obtained through
measurements of the temperatures, 7, 7,, and T}

Ur =h TizTo) (2.5)
(Ti = Tiy)

The field testing for estimating the R-value or U-value of the wall
should be conducted when there is a large difference between the indoor and
outdoor temperatures and when there is very little solar radiation hitting the
wall. Thus, it is recommended to perform the temperature measurements
in a cold night. Table 2.1 summarizes the percent error in estimating the
wall R-value using temperature measurements for various indoor-outdoor
temperature differences (7;— 7). It is clear from Table 2.1 that the larger the
difference between indoor and outdoor air temperatures, the more accurate
is the estimation of the wall R-value using the field test illustrated in Figure
2.2. In particular, an indoor-outdoor temperature of at least 4°C or 7°F is
required to achieve an accuracy of 5% or less in estimating the wall/roof
R-value especially when the building envelope is poorly insulated.

2.2.1 Transient Heat Transfer from Building Envelope

In most building simulation analysis tools, heat transmission through
building envelope is modeled using one-dimensional (1-D) transient heat
conduction analysis. Transient 1-D heat conduction through a homogeneous
wall layer having constant and uniform thermal properties is subject to
Eq. (3.1):
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Table 2.1. Percent Error for R Value Estimation Based on Temperature Measurements.
[Ti - To]
IT;— T,] (°F) cO) R=25 R=5 R=10
40 22.2 0.98% 0.54% 0.28%
35 19.4 1.12% 0.61% 0.32%
30 16.7 1.30% 0.72% 0.38%
25 13.9 1.56% 0.86% 0.45%
20 11.1 1.95% 1.07% 0.56%
15 8.3 2.60% 1.43% 0.75%
10 5.6 3.90% 2.15% 1.13%
5 2.8 7.81% 4.29% 2.25%
4 2.2 9.76% 5.37% 2.81%
3 1.7 13.01% 7.16% 3.75%
2 1.1 19.52% 10.74% 5.63%
1 0.6 39.04% 21.47% 11.25%
0.5 0.3 78.08% 42.95% 22.50%
0.1 0.1 390.39% 214.73% 112.50%
2
where, 875 = l@l (2.6)
ox a Ot
s o= C is the thermal diffusivity of the homogeneous wall
p-Lp
layer (m?/s)

T = temperature (°C)

x = vector space of x (m)

¢, = specific heat (J/kgx°C)

k = thermal conductivity (W/mx°C)
p = density (kg/m?)

t = time (sec)

In some cases, two-dimensional (2-D) and three-dimensional (3-D)
heat conduction solutions are utilized (i.e., ground-coupled heat
transfer and thermal bridges in walls and roofs). Figure 2.3 shows a 3-D
rectangular slab-on-grade floor model with partial insulation along the

perimet

er of the foundation. The slab model presented in Figure 2.3 (a)

accounts for the above grade walls by assuming that the steady-state
wall temperature varies gradually along the wall thickness from indoors
to outdoors as shown in Figures 2.3(b) and 2.3(c) for both sections A
and B [3].
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Slab surface
Soil surface

Figure 2.3a. A rectangular slab-on-grade floor foundation model with partial
floor insulation. (a) slab-on-grade floor foundation for a typical building
above soil medium.

(Continued )

(a) Slab-on-grade floor foundation for a typical building above soil
medium

(b) Section A of building shown the variations of the temperature and
the U-value along the soil-slab surface

(¢) Section B of building shown the variations of the temperature and
the U-value along the soil-slab surface

Under transient conditions, the temperature distribution within the
ground medium, 7(x,y,z) is subject to the diffusion equation:

VIGpan = 2.7)
S

where V is the Laplacian operator. Throughout this section, V is
assumed to be given in the three-dimensional Cartesian form, that is:
o* ot 5P

V= + +
ox?  oy* ozt

(2.8)

In Eq. (2.7), t is time and ¢ is the soil thermal diffusivity assumed to
be constant (i.e., isotropic soil).

Fourier’s law of heat conduction expresses the heat flux variation along
any surface and is directly depend on the material thermal conductivity
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Figure 2.3b. A rectangular slab-on-grade floor foundation model with
partial floor insulation. (b) Section A of building shown the variations of the
temparature and the U-value along the soil-slab surface.

(Continued)

and temperature gradient across the thickness of the material as shown by
Eq. (2.9):
— i T (x,t)

- (2.9)

where g is heat flux expressed in W/m?.
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Figure 2.3¢. A rectangular slab-on-grade floor foundation model with partial
floor insulation. (c) Section B of building shown the variations of the temperature
and the U-value along the soil-slab surface.

2.3 Methods for Transient Building Envelope Energy Analysis

Several methods and techniques are considered to solve the transient
heat conduction equations such as those shown by Egs. (2.6) and (2.7)
and ultimately determine heat transfer through building envelope systems.
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Some of these methods are easy to implement into whole-building
simulation tools as discussed in this section.

2.3.1 Finite Difference Methods

One commonly used methods to solve heat conduction equations and
to determine transient temperature profile and heat transfer rates through
building envelope components is the finite difference numerical technique.
This approach involves dividing the wall into a series of thin sections
through a discretization scheme and performing an energy balance on the
thin section. This method of solution is flexible and can be used to model
almost any building envelope system. Moreover, the numerical analysis
method can be easily implemented in a standalone algorithm. However, the
finite difference method requires generally significant computational time
efforts especially when applied to determine the long-term performance
of building energy systems. A brief description of the explicit formulation
of the finite different technique is outlined in this section to solve the
transient 1-D heat conduction equation within a building wall.

Spatial Discretization: A common spatial discretization scheme for
a building wall is described by Figure 2.4. The wall is divided into N
sections of thickness Ax. An energy balance on any node i is given by the
following relationship.

,@:7}—1—Ti+7}+1—7}
! dt Ri_ Ry

(2.10)

The resistance R, is the resistance to the /eft of node i and the resistance
R;+ 1s the resistance to the right of node i. The thermal performance of the
wall can be represented by the RC-network as illustrated in Figure 2.5.
For this wall, each capacitance in the network is identical and equal to the
mass times specific heat of the wall segment. The resistance between each
interior node is identical and equal to the conduction resistance R,

C=pcAx (2.11)
A
Reond = 7’“ (2.12)

The resistance between the exterior nodes 1 and N are slightly differ-
ent, because these resistances must account for both heat conduction
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Figure 2.4. Finite difference analysis in a plane wall.
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Figure 2.5. An RC network model for a thick wall.

through a distance Ax/2 and heat convection at the surface. The resistances
at the outer and inner surfaces, R,,, and R;,, respectively, are given by the
following equations.

J (2.13)
2k By

Row= 2+ 1 (2.14)
2k how

Time Discretization for the Explicit Finite Difference Formulation:
The differential equations above apply at any value of time, ¢. For the
purpose of developing the difference equations, consider the solution at
some time ¢ = pA¢ where At is the time step for calculations and p is an
integer. An approximate estimation of the derivative of temperature with
respect to time at some time p is provided as follows:

dT? B EP“ —TP
dt At

(2.15)

This representation approximates the derivative at some time ¢ = pAt,
by looking ahead in time. Such an approach is known as Euler, or explicit,
representation of the derivative. Alternative formulations will be discussed
later.
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For any node in the wall, the RC network equations can be written
using this expression for the first derivative to give the following difference
equation.

1
Oy U RUE T U
Y Ri_ Ris

(2.16)

Substituting and rearranging, the temperature of node 7 at time p+1
can be solved in terms of temperatures at time p.

s s
Tim:m(ﬂ-um} I_N[1+1j @17
G\ R- R Ci\Ri- Ry

It is noted that the left side of this equation involves temperature at time
step p+1 while the right side of the equation involves only temperatures at
time step p. Such a formulation gives very simple numerical calculations.
Given initial values for all the temperatures (every analysis problem
requires initial conditions), the temperature of any spatial node at the
end of the first time step can be directly (explicitly) calculated using
this equation. The temperature of any node at the end of the second time
step can be directly calculated from the temperatures at time step 1. This
formulation is particularly convenient for spreadsheet calculations.

The heat flux at any point in the wall at any time can be readily calculated
from the temperature profile. In general, the heat flux between any two
temperature nodes can be calculated using the resistance between them.

_ T,'p —ij
R

qi” (2.18)

Stability Constraint for the Explicit Finite Difference Method:
Unfortunately, Eq. (2.17) cannot be applied with an arbitrary time step
size. If the time step is too large, the right-most term can be negative,
which not only violates the Second Law of Thermodynamics, but causes
numerical instability in the solution. To ensure a stable solution (i.e., a
solution that does not blow up to infinity), the time step must be chosen
such that this right term is positive. In other words,

C:
Ati,max < (2.19)

%31'— " 1/Ri+

In general, it is wise to calculate this term for each node and select a
time step less than the smallest value. While a solution may be stable for
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some time steps greater than this limit, the solution is guaranteed to be
stable for time steps less than this limit.

For the special case of an interior node (not located at a surface or
interface between materials), the resistance to the left of node i is the same
as the resistance to the right of node 7, giving R;— = R;+ = R.,,4. Substituting
and rearranging, the temperature of node 7 at time p+1 can be solved in
terms of temperatures at time p.

Al 2At
L7 = 2 (TP + T )+ | 1- n(220)
ReonaC cond

The equations for the end nodes are slightly different because the
resistances are different. To ensure a stable solution for this special case,
the time step must be chosen such that this right term is positive. In other
words,

Rcond C

Al max < 2.21)

In general, it is wise to select a time step no more than about half this
maximum value.

2.3.2 Interzone Temperature Profile Estimation (ITPE) Techniques

Analytical solutions for estimating heat transfer in building envelope
systems have been considered by several authors [3-8]. In particular,
the Interzone Temperature Profile Estimation (ITPE) technique, initially
developed by Krarti et al. [7], has been applied to solve several types of
two- and three-dimensional steady-state and transient heat conduction
problems. The ITPE formalism includes analytical solutions combined
with solving a linear systems of equations and can be applied to generate
coefficients for conduction transfer functions (CTFs) for building
envelope systems in detailed building simulation tools. In particular,
the ITPE technique has been used to calculate heat transfer from a
variety of building foundations as well as heat gain from refrigerated
warehouses [9-10].
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Because of its analytical formalism, the ITPE methodology has two
significant advantages compared to numerical methods (such as finite
difference or finite element methods) including:

*  Higher flexibility: The ITPE can be used to develop flexible
model building envelope system with continuously variable input
parameters. For instance, the model can handle any geometric
dimensions, any soil thermal properties, and any thermal insulation
placement and R-value.

e Lower computational requirements: The ITPE is an efficient
calculation method and does not require large computational efforts
without any significant impact on its accuracy. By way of comparison,
The ITPE technique requires at most one minute of CPU time of 60-
MHZ computer to calculate three-dimensional heat losses from a
building slab-on-grade floor while a finite difference solution for the
same floor needs at least 10 hours of the same CPU time for annual
simulation period [11]. However, the ITPE results were found to
agree well with those obtained with Bahnfleth’s solution as well as
other numerical models and experimental data [9,12].

Using the building foundation model of Figure 2.3, the ITPE has been
applied to solve the 3-D heat equation shown by Eq. (2.7). Assuming
steady-periodic conditions, the solution 7(x,y,zf) of Eq. (1) can be found
by applying the complex temperature technique [3]:

T(x,y,z ) = Ty(x,y,2) + Re[Ty(x.,y,2)e'™] (2.22)

In the above equation, T is the mean of the periodic temperature
variation over one cycle (such as one day or one year) and 75 is the complex
amplitude of the annual temperature fluctuations. A real amplitude and a
phase shift can be obtained by taking respectively the modulus and the
argument of the complex value of 7.

Both T7(x,y,z) and Ty(x,y,z) can be obtained from a complex
temperature solution I (x,y,z) of the following Helmholtz equation.

V3 =63 (2.23)
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with the following boundary conditions:

3(x,0,z) = A"(x,2) fory=0 (2.24-a)

J(x,b,2) T, fory=>b (2.24-b)

- - sinhc?(b—y)) - (sinhéyj
I(tg,1,2) =T, | 2 |43, 2 | forx=4g (2.24-
(28.5.2) ‘SS( sinh 5b “\sinngp ) X7 (2240)

3(x, y,4u) = Iy (Smhfs(b—y)j '3, (smhﬁy

j forz=4u (2.24-d)

sinh 0b sinh 6b
a:i ~ <
—=H(x,z)(3-3x(x,z)) fory=0and0<x<gand0<z<u
dz (2.24-¢)
where,
H, x<dandz<e
; d<x<aande<z<c
H(r)=
Hy, a<x<a+thandc<z<c+th
H, x>a+thorz>c+th
and
3, x<dandz<e
3.() 3, d<x<aande<z<c
T (1) =
S a<x<a+thandc<z<c+th
R x>aorz>c

where 4"(x, z) is an unknown function to be determined using the ITPE

approach. H,, H; and H, are the ratio between the equivalent conductance
at the boundary surface and the soil thermal conductivity (i.e., for instance,
H,=U,/k).

To find the expression for the temperature field 3 (x, y, z), it can

be first noted that Eq. (2.23) can be reduced to the following equation:

Vo =5%0 (2.25)
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with,
0(r) =3 (r) — Gy 0

and the following boundary conditions:

0(x,0,z) = A(x,2) fory=20 (2.26-a)

0(x,b,z)=0 fory=>b (2.26-b)

0(+g,y,2) =6, (S‘nh.‘s(b_y)) for x = +g (2.26-c)
sinh 0b

0(x, v, tu) = 0 (W(”‘y)j for z = +u (2.26-d)
sinh b

39=H(x,z)(9—9w(x,z))fory=0and0§x§gand0§z§u (2.26-¢)
y
thus
H, x<dandz<e
H; d<x<aande<z<c
H(r)=
Hy, a<x<a+thandc<z<c+th
H, xX>aorz>c
and
0,
6,
O, (r)= 0 sinh 6(th - MAX(x —a;z —c)) y sinh 6. MAX(x —a;z—c¢)
' sinh &.th ¢ sinh &.h
Ou

x<dandz<e
d<x<aande<z<c
a<x<a+thandc<z<c+th

xX>aorz>c
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H(lell

d6, =3, -3,%and 6, =3; -3
(Hq+Scothsb) ¢ e e & e

with 6; =
(1-6H)

Using the separation of variables technique, the solution, 6(x,y,z), is
expressed as:

sinhvy . (b—y)

O(x.y,z) = uiz > Ay -COS [y X COS Py 2.

] sinhvy, b
( )'v . cosh iy, . x
+—9 Z Z .COS PrzSiNVyy.————2——  (2.27)
n=Im=1 Vi coshuy g
2O~ coshp? . z
+i0‘gZZL'2vm.cosunxsinvmy. 7’m
gb n=lm=1 HnVm cosh pn,mu
Where,
nw , 2n—-1)r 2n—-hr
V=" m=v¥+m%m=(2;; m=LE%<

2 2 2 2 2.
i =N+ Pu” + Vs P =N+l +Vi
V1,1’,m = \/62+‘Un2+pm2;

and, 4,,,, are Fourier coefficients that are determined using the heat
flux continuity at the boundary surface y =0 and 0 <x <gand 0 <z <u.
Only the final expression of the system of equations for the coefficients,
A, 1s provided here.

pk— k+zzﬁnpmk (2.28)

n=1m=1

The expressions for the coefficients o, x and 3, .« for Eq. (2.28) are
provided below:

ifk#p
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(H, +v, cothvy bY)(p p,)

0,-0
NP0, +(I,.(0, SRR~ H,0,) sin 1, @+ k) sin py e+ )+
1l

0,-0, . . . .
1,0,-1,.6, —T*a)).smypa.sm pre+(H 0, —H,0,).5in u,d.sin p,e

I s
+4*%({6’6—9,].Cos,up(a+th)+[6’a—19,_].th,up sinyp(a+th)+[6’,_—Gn].cos,upa)
th-py-p,
H,.sinp,c .
+4*W([0” -0, ].cos p,(c+th)+[0, -0, 1th.p, sin p, (c+1th)+[0, —0,].cos pkc)
Pi M,

2 . > v2
+79: (_1)p+A (’uz +pz) m
b v ;v;ﬁ(ﬂ;w:w%o‘z)

m

. 4, R
2u,.ppth(u, +p )’ (—u, +p,)°

(L2 9} =17 — 119 + 11,90 110, 0,0+ 0,0~ 0,a)— 0,1 * 122 p} + 413 p7 — 1oy — 1,0} 1} |
*{cos((p, — 1,)-a) —cos((p, — 1,)(a + )} +
{00, =0,1*Bu; pi =2u1,.p5 = 1y 1 *{sin((py — p1,).(a +1h)) =sin((p, — 1, ).a)} +
{16, =01 [Bpey .08 +211,-pi + i, [ *{sin((py + p2,)(a+h)) =sin((py + 42, ).a)} +
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{0, th* [y py =240 ] + g IFlcos(ua+ p, th— pec— pyth) —cos(u,a+ p1,th+ pyc+ pyth)}
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+{[0, 0,111, + p, =24, pi 1*[sin(i,a+ pyc+ pyth) +sin(i,a— pyc— p i)}
|40, th ¥ [~y +245 .7 = PR 1*[cos(p,a = pre— pyth) —cos(u,a+ pec+ pih)}
. 4H,
2pty pyth (i, + p)* (1, = pi)’

*

({12}~ 1392 — t1py + 11,92 1#10,a~ 0,0+ 0,0~ 0,a1~ 0, h*[12.p} + 113.pF —1-ps — 11,pL T} |
#cos((py — 1,).a)—cos((p, — 1, ).+ 1))} +

(10, 0,132} ~241}.p} — P13 (sin((py — a1, )-(c-+ 1) —sin((p, — 11, )0)} +

{00, = 0,1 (3, .p7 +212 .py + P 1 * {sin((p, + p2,)-(c+1h)) =sin((py + 12,).€)} =

Ly i + 1,08 = 1,0 = 12, P¢ 110,a=0,c+0,c=0,a=0,1h]} {cos(p, + 1, )(c +1h) —cos(p, + 11, )e)}
+1{0,.th*[u, Pi —2/1; ./7k2 +y;]*[cns(ypa + U, th—pye—pyth)—cos(u,a+ pu,th+ pyc+ pyth)}

+{[0, —(ia].[2,u;.p,f 7/1; —p;]*[sin(ypaJr,upth = prc— pyih)+sin(u,a+ p,th+ pic+ p,th)}

+{[0, =0,1[u, +p, =24 pP1*[sin(u,a+ pee+ p1,th) +sin(u,a - pee—p1,th)]}

|+ {0, th*[~p,.p} + 242} — ) 1¥[cos(u,,a— pyc =, th) = cos(u,a+ pec+ i1, th)}
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(16,a—0,c+6,c~0,a-0,01} {cos(p, + 1, )(a+h) —cos(p, +,)a)}
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+{[0, —0,1.*[sin(u,a+ p,c+ pyth) +sin(u,a - p,c— p,th)]}
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n 4'ch 2
2u; . pith(u, + pe)’
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where

Sin(in — Hp)x  sn(ihy + fp)x £p
o 2.(n = 1p) 2.+ Up)
P sin2upx
—| Xx+—— ;n=p
2 2.y
SI(Pm = Pi)Z _ SINEm +P k)2 ‘m £k
G - 20pm=pPr)  2.(Ppm+pPk)
mk — .
1(Z+sm2pkzj ‘m=k
2 2-Pk

The system of equations expressed by Eq. (2.28) is solved by truncating
the sums to a finite number of terms, respectively, N and M. A linear
system of (N*M) x (N*M) equations with (N*M) x (N*M) unknowns is
obtained and is solved by the Gauss-Jordan Matrix Solver. The accuracy
of the solution provided by Eq. (2.27) depends on the truncation numbers
N and M; the higher these numbers, the more accurate is the solution but
the more computational effort is required.

The heat flux along the slab surface can be obtained from the third
boundary condition of Eq. (2.26-¢) and the 3-D temperature solution of
Egs. (2.27) and (2.28):

n+m .
q(x,z) = Uconvz Z { )a}.cos Upx.CO8 Pz (2.29)

n=lm=1 nEm

The total slab heat loss is obtained by integrating the 2-D heat flux,
q(x,z), of Eq. (2.29) over the entire slab surface (i.e.,y =0 and —a<x<a
and —¢ <z<¢):

O = ], ucmzz{

n=1m=1

1)n+m .
L 1.08 f1,x.c0S pp z.dxdz

nPm

(2.30)
2.3.3  Conduction Transfer Function (CTF) Methods

One of the most popular methods to predict transient heat conduction
transfer in whole-building energy simulation programs is the conduction
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transfer function (CTF) method. The CTF method was introduced by
Stephenson and Mitalas [13] using inverse Laplace transforms and
Z-transforms to estimate transient heat conduction transfer through
building walls. Hittle and Bishop [14] developed a root-finding method,
referred to as the Laplace method, to increase the accuracy of the CTF
method while improving its computational efficiency. To estimate CTF
coefficients more accurately, other methods have been proposed including
the state space method [15-16] and finite difference [17].

Several whole-building energy simulation programs use the CTF
method including BLAST [14], TRNSYS [18], and EnergyPlus [19]. In
particular, EnergyPlus uses the state space method for calculating CTF
coefficients.

CTF Method Overview: Transient 1-D heat conduction through
a building envelope system can be formulated by a partial differential
equation as noted by Eq. (2.6) and can be solved numerically using the
conduction transfer function (CTF) method. The basic form of the CTF
solution is shown in Eq. (2.31) for estimating heat flux at the inner surface
of a building envelope layer:

M M k
q ir= Z XinTip—me1— Z Yo —me1 + Z Fnq i4-m (2.31)
m=1 m=1 m=1

where, k is the order of the conduction transfer functions, M is a finite
number defined by the order of the conduction transfer functions, and X,
Y, and F are the conduction transfer functions (CTFs). Moreover, T; and T
are the interior and exterior surface temperatures. A similar CTF equation
can be defined for calculation heat flux at the exterior surface.

The linear relationship can reduce computational effort and make it
easy to use for computer programming. Furthermore, CTF coefficients
are temperature independent for non-phase change and homogeneous
materials, and they are calculated for typical materials.

State Space Method for Calculating CTFs: The state space method
to solve heat equations was first introduced by Ceylan and Myers [15] and

later refined by Seem [16]. The basic form of the state space expression is
shown as follows:

()= A-x(6)+ B-u(t) (2.32)
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y(t)=C- x(t)+D- u(?) (2.33)

where A, B, C and D are (n x n), (n X p), (m x n) and (m x p) matrices.
x is the vector of state variables, and u is the vector of inputs, y is the
output vector and t is the time.

This form can be applied to solve a transient heat equation. To use
the state space method, a finite difference grid is applied within layers in
the building elements. The state variables are the nodal temperature, the
environmental temperatures are the input variables and heat fluxes at the
surface are the output variables. Seem presented a method for calculating
transfer functions for multi-dimensional heat transfer [16].

Stability of Linear System: If the input (;) and output (y;) variables for
a system are expressed using the state (x;) at ¢, for i=1, 2, 3...as indicated
in Eq. (3.18), the system is called a linear system [20].

x;(to)

= yi(t),t > 1 (2.34)
u; (t),t >ty
A linear system can be described by a set of equations such as Eq.
(2.32) and Eq. (2.33) if the number of state variables is finite. The set of
equations for the linear system is then called a state space equation.

The response of a linear system can be decomposed into two responses:
the zero-state response and the zero-input response. Solutions for the two
responses can be determined separately and the sum of these two solutions
yields the solution for the complete response. Therefore, the stability
analysis for a linear system can be performed separately for the zero-
input response and for the zero-state response. The stability conditions
associated to both the zero-input response and the zero-state response
constitute the stability conditions for the linear system [20].

According to the theorem of stability for zero-state response, the
state-space equation [Eq. (2.32) and Eq. (2.33)] is bounded-input and
bounded-output stable if and only if every eigenvalue has a negative real
part [20]. If the input u(?) is identically zero, the output is called the zero-
input response. For zero-input response, Eq. (2.32) provides the following
equation:

()= A-x(2) (2.35)
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According to the theorem of stability, Eq. (2.35) is stable if and
only if all eigenvalues of A have a magnitude less than or equal to 1
[20]. Therefore, Eq. (2.32) and Eq. (2.33) are stable if and only if every
eigenvalue of A has a negative real part and its magnitude is less than or
equal to 1 from the stability conditions of both zero-state response and
zero-input response.

2.3.4 Frequency-Domain Regression

The frequency-domain regression (FDR) method, described in details
by Krarti et al. [21-22], Cheng and Wang [23-24], and Khlifi and Krarti
[25] can be applied to determine the conduction transfer functions for
building envelope systems. In this section, the basic approach of the FDR
method is first briefly outlined. Then, the FDR approach is validated using
known results for heat transfer problems for multi-layered walls as well as
for slab-on-grade floors using the ITPE technique [25].

Overview of FDR: The basic approach for estimating heat flux at the
inner surface of any building envelope layer using the conduction transfer
function (CTF) technique is summarized in the following expression:

0n(0) = ViTin(t—iA) S @iTour(t—iAD)~ S BiOu(t ~1A1) (236)
=1

i=1 i=1

In Eq. (2.36), m is the order of the conduction transfer functions, # is
a finite number defined by the order of the conduction transfer functions,
and ¥, oy, and fB; are the CTF coefficients. Moreover, T;, and T,,, are the
interior and exterior surface temperatures. A similar CTF equation can
be defined for calculating the heat flux at the exterior surface. The CTF
technique, using the linear relationship outlined in Eq. (2.36), reduces
computational time and is easy to implement in a computer algorithm. The
following section describes a calculation method for determining the CTF
coefficients.

The indoor and then the outdoor temperatures are set to zero in Eq.
(2.36) to simplify the calculation procedure. For instance, by setting
the indoor temperature to zero, the heat flux Q(¢) from a building
envelope surface at a given time ¢, can be estimated from present and
past values of outdoor surface temperatures and from the past values
of heat flux:
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o) = iaiT(z —iAt) - i BiO(t —[Ar) (2.37)
=1

i=0

with, At is the time step. ¢; and ; are coefficients characterizing the
heat flux from the surface. Note that when the flux Q(?) is expressed only
as a function of the present and past values of temperatures (i.e., ; / = 1,
2, ..., m), the coefficients (i=1,2,...n) are the thermal response factors as
defined by Mitalas and Stephenson [13].

Using the z-transform of Eq. (2.37), the heat flux O(z) can be expressed
as function of 7{(z) as follows:

iaiz_i

0(z)=—L——T(z) (2.38)

1+ Zﬁlzfl

=1
or
ZOC,‘Z#
?8 =G(z)=—"0 (2.39)
1+ Z,BIZ_[
=1

The function G(z) is known as the z-transfer function of the building
envelope surface and z is the back-shift operator. In the particular case of
z=1/jw, a frequency transfer function can be obtained:

SaGor
(o) =22 =0 = AO _Gw)+ i) (240)
T () & . g 1+B(w)
1+ Bi(jw)
=1

Gr(®) and Gj(w) are respectively, the real part and the imaginary
part of the frequency transfer function G(w). For reference, Table 2.2
illustrates selected cycles and frequencies and their logarithmic values
used to express variations in outdoor and indoor air temperatures.

Note that a similar frequency transfer function can be obtained when
z is substituted by e/®* as proposed by Chen and Wang [23] to estimate
CTFs for walls and roofs and Krarti et al. [21] for building foundations.
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Table 2.2. Selected Frequencies and Their Logarithmic Values Used to
Express Variations in Outdoor and Indoor Air Temperatures.

Period Frequency, ® -In(w)
(rad/s)

1 min 0.105 2.256
10 min 1.05 x 1072 4.560
30 min 3.49 x 1073 5.658
1 hr 1.745 x 107 6.351
3 hr 5.818 x 107 7.450
6 hr 2.909 x 107 8.143
12 hr 1.454 x 107 8.836
24 hr 7.272 x 107 9.529
1 month 2.424 x 107 12.930
1yr 1.992 x 1077 15.429
2yr 9.962 x 10°® 16.122
Steady-state 0 o0

The coefficient o; and f3; can be determined using the error function
(see detailsin [21, 24]). A set of linear system of equations can be expressed
as follows:

N
E(X) =3l A(@r) - Gl + Bloo)] (2.41)
k=1

where X is a vector defined by:

XT=[ﬁ0 Bi B2 Bs ...... Bn a1 oy o5 ... Otn] (2.42)

The set of frequency wy (k=1, ... N) is selected from a suitable range
depending on the properties of the building envelope component, typically
from 10—*to 10—'" rad/s. By minimizing the error function, the coefficients
o; and f3; (i.e., the vector X) can be found. It can be shown that X is solution
of a system of linear equations [24]:

MX=Y (2.43)
With
YO =[So Wi =S2 W3 S4...0 Uy 0 Uz 0....] (244
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and

Ve 0 =V, 0 Ty W, Sy, W3 —Si Ws .|
0 V, 0 -V4 O Sy Wi Sq4 -Ws —Ss..
V>, 0 Vi 0 -V Wy —Sia Ws S¢ —Wr..
0 V4 0 Ve O Sy —Ws =S¢ Wy Sg ..
Vy 0 Ve 0 Vs Ws S¢ W7 =Sg Wy ..

M = . . . . . . . .
W, =S, Wi Si Ws U, 0 -Us 0 Ug.
S» Wy =S4 W5 Sg 0 Uy 0 -Ug 0 ..

Wy Sa Ws —Se¢ W7 .. -Us 0 Us 0 -Ug..
-S4 —Ws S¢ W; —Sg 0 -Us 0 Ug 0
W5 _S6 _W7 Sg W() U6 O _U8 O U10

(2.45)
and
N ) N .
Vi=Y o, Si =Y @, Gri.
k=1 k=1
N N ) ) )
Wi => .G, U; = Za),’((GR,k +Gl ) (2.46)
k=1 k=1
Gri =Gr(my), Grx =Gr(ay)

Eq. (2.43) provides a system of (n + m + 1) linear equations with (n +
m + 1) unknowns: the coefficients ¢; (n + 1 unknowns) and the coefficients
b; (munknowns). This linear system can be solved using the Gauss-Jordan
elimination method [26]. The set of frequencies @y is selected based on
where it is most important to have accurate estimation of the conduction
transfer function.

Application for CTF Estimation for 1-D Heat Transfer for Walls:
The FDR method is applied first to evaluate its accuracy in performing
transient heat conduction analysis for one-dimensional (1-D) walls
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compared with the commonly used response factor technique. Table 2.3
provides details of a multi-layered wall used to compare the FDR method
prediction accuracy against the response factor technique based on the
direct root-finding method [5]. The wall consists of an outside convective
layer, a layer of face brick, an insulation layer, a layer of common brick,
and an inside convective layer.

A polynomial transfer function can be estimated for the multi-layered
wall of Table 2.3 using the state-space method. The conduction transfer
function, for the multi-layered wall of Table 2.3, has been estimated by
Ouyang and Haghighat [27]. This conduction transfer function was found
to take the following expression [24]:

—4.9035.107 277+ 2.35096.10 z7* - 6.9965.10710 2

+1.38768.10712272-1.77507.10 5271+ 1.13961.107'®

G(z)=
@ 2704+ 3.19462.10° 274+ 3.59719.10 0273 +1.49979.107° 272

(2.47)

+1.21286.10783271+2.30188.107'8

Figure 2.6 compares the variation of the amplitude of heat conduction
through the multi-layered wall as a function of the frequency of outdoor
air temperature fluctuations 1 obtained using the FDR method and that
obtained using the state-space method referred to as theoretical.

Figure 2.7 compares the variation of the phase angle of the wall heat
conduction as a function of outdoor air temperature frequency obtained
the FDR method and that obtained using the state-space method referred
to as theoretical.

Table 2.3.Details of Wall Construction Used in the Validation Analysis.

k(W p(kg R(m’K.

Description |L(mm) m—'K-) m-?) cp(Jkg—lK—l) w-1h
Outside

surface film 0.05
Face brick 89 1.73 2235 1106 0.0514
Insulation 127 0.0744 24 992 1.707
Common

brick 89 1.73 2235 1106 0.0514
Inside surface

film 0.16
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Figure 2.6. Frequency analysis of amplitude of heat conduction for 1-D wall.
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Figure 2.7. Frequency analysis of phase angle of heat conduction for 1-D wall.

Using the response factors of the wall, the wall heat loss can be
determined at any time step using information on outdoor temperatures and
heat losses at previous time steps. Assuming that the indoor air temperature
is constant, the heat transfer through the wall can be as expressed as a

function of the CTF coefficients and the solar-air temperature as follows
[28]:
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Figure 2.8. Comparison of heat loss calculated with FDR and response factor
technique through 1-D wall.

OGA) =Y bT, (i A — kAt =Y di QAL —kA) =T, Y ¢k 5 48
k=0 k=1 k=0 (2.48)

Using a variation of the solar-air temperature during a cycle of 24 hours
as depicted in Figure 2.8 and a constant room air temperature of 20°C, the
hourly variation of the heat loss per unit wall area can be estimated using
Eq. (2.48). Figure 2.8 compares the wall heat transfer obtained using CTF
coefficients obtained from the FDR method and from the response factor
technique (using the ITPE solution). The results of Figure 2.8 clearly
indicate that the two methods provide the same variation of wall heat loss
due to the solar-air temperature. According to the results of Figure 2.8,
there is a shift of about 3 hours between when the solar air temperature and
the wall heat loss reach their maximum. This time shift is due to thermal
mass of the wall.

Application for Estimating Heat Transfer from Slab-On-Grade
Floor: In this section, the FDR method is considered to evaluate the
impact of fluctuations in both indoor and outdoor air temperatures on
the magnitude and phase angle of total slab heat losses or gains. The
solution for ground-coupled heat transfer is first obtained using 3-D ITPE
technique [3, 7, 25, 29]. Then, the FRD method as outlined above is used
to estimate coefficients for the conduction transfer functions (CTFs) for
slab foundations based on the results of the frequency analysis is carried
out using the ITPE solution.
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Figure 2.9 compares the results obtained by the FDR method and
those obtained by the ITPE technique for the normalized amplitude of the
ground-coupled 3-D heat transfer from a slab-on-grade floor as a function
of the frequency of indoor air temperature fluctuations. In particular,
Figure 2.9 illustrates the results for the case where the thickness of the
above-grade walls is accounted for [25]. Good agreement is obtained by
the FDR method when compared with the ITPE results.

Figure 2.10 compares the FDR and ITPE results for the Nyquist
diagram for the normalized ground-coupled 3-D heat transfer from the
slab-on-grade floor to illustrate the variation of both amplitude and
phase angle of slab heat loss as a function of the frequency of indoor air
temperature variations.

Figure 2.11 compares the results obtained by the FDR method and
those obtained by the ITPE technique for the normalized amplitude of the
ground-coupled 3-D heat transfer from a slab-on-grade floor as a function
of outdoor air temperature. Specifically, Figure 2.11 illustrates the results
for the case where the thickness of the above-grade walls is accounted for
[25]. Good agreement is obtained by the FDR method when its predictions
are compared with the ITPE results.
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Figure 2.9. Amplitude for 3-D total slab heat losses as a function of frequency
of indoor air temperature obtained by FDR and ITPE techniques.
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Figure 2.10. Comparison of the frequency characteristics obtained by FDR
and ITPE methods for 3-D slab heat losses due to indoor temperature
variations using the Nyquist diagram.

14
~—*—— Amplitude ITPE

1 .2‘ — Amplitude FDR
(O]
ke] e
g 1 X*‘*’H—‘—PH—F‘—*—\—%P“*—*—H—\—%—?#—VW*—*—*
% ¥
g V,v‘
5 08 f
9] |
N |
®©
206 71
S /
Z04 |

/
0.2 s
p
et 4 IONNOEE
00 5 10 15

-Ln: frequency

Figure 2.11. Amplitude for 3-D total slab heat losses as a function of frequency
of outdoor air temperature obtained by FDR and ITPE techniques.
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Figure 2.12. Comparison of the frequency characteristics obtained by FDR
and ITPE methods for 3-D slab heat losses due to outdoor temperature
variations using the Nyquist diagram.

Figure 2.12 compares the FDR and ITPE results for the Nyquist
diagram for the normalized ground-coupled 3-D heat transfer from the
same slab-on-grade floor used in Figure 2.11 to illustrate the variation
of both amplitude and phase angle of slab heat loss as a function of the
frequency of outdoor air temperature variations. Good agreement between
both methods is obtained.

In summary, the FDR method can predict accurately the frequency
response of slab foundations to both indoor and outdoor air temperature
fluctuations. Moreover, FDR methodology offers a better alternative of
numerical methods to couple detailed foundation heat transfer models
into whole-building simulation programs. As indicated in Figures 2.9—
2.12, the frequency analysis indicates that the foundation heat transfer is
sensitive to only low frequency fluctuations in outdoor air temperatures
(i.e., only monthly outdoor air temperatures affect slab heat loss) but is
very sensitive to almost any fluctuations in indoor air temperatures (i.e.,
hourly and monthly indoor air temperatures affect significantly the slab
heat loss).

2.3.5 Response Factors

Another formulation of the conduction transfer conduction (CTF)
method used in whole building energy analysis tools to estimate the
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heat transfer through building envelope components (i.e., walls, roofs,
and floors), is the use of response factors to compute outside and inside
surface transmission heat fluxes using current and past indoor and outdoor
temperatures. As noted in Figure 2.13, the heat fluxes at the outside and
inside wall surfaces are driven by the wall thermal properties but also on
the outside and inside wall surfaces.

By approximating the time-variations of temperatures as series
of triangular pulses as illustrated in Figure 2.14, the outside and inside
surface heat fluxes caused by any arbitrary indoor and outdoor temperature
variations can be determined as indicated by Eq. (2.49) and Eq. (2.50):

Outside surface \/ Inside surface

Temperature, T, Temperature, T,

Wall Layer
—_— ——
Outside surface Inside surface
Heat Flux, q, Heat Flux, q;

N

Figure 2.13. Heat fluxes at wall inside and outside surfaces.

Temperature

0 At 2At 4At  6At 8At 10At  12At

Time

Figure 2.14. Approximation of temperature time variation using unit triangular
pulses.
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4o()= 7 KTyt = (14 DA = Y Fa VL= (4 DAY (2:49)

Gi()=2"" VaTo(t=(n+ DA =Y T Z,Ti(t—(n+ DA (2.50)
Where,

*  ¢,(?)is the current value of the transmission heat flux at the outside
surface

* gy(?) is the current value of the transmission heat flux at the inside
surface

o T,(t— (n + 1)A?) are the current and past values for the outside
surface temperatures

o T;(t— (n + 1)A?) are the current and past values for the inside
surface temperatures

e Atis the time step considered in the analysis, typically 1 hour

Using steady-state analysis, it can be shown that independently of
the building envelope thermal properties, the response factors follow the
general expression as shown in Eq. (2.51) where R is the total R-value and
U is the U-value of the building envelope assembly:

Do K=Yy = " Z, =U=$ 2.51)

Response factors represent the heat fluxes due to temperature triangular
unit pulse subjected at t = 0 at one of the surface while the other surface
is maintained at a constant reference temperature (i.e., T = 0). Figure 2.15
illustrates the Y response factors as the values of the inside surface heat
flux at various time steps due to a rectangular unit pulse variation of the
outside surface temperature.

Using the Laplace transform of the one-dimensional heat conduction
equation as provided by Eq. (2.6), the response factors can be estimated for
any layer of building envelope. In particular, close form solutions can be
found for homogeneous layer with uniform thermal properties as shown by
Eq. (2.52) through (2.54) for both X response factors and Eq. (2.55) through
Eq. (2.57) for Y response factors. For uniform layers, it can be shown that
the values for the Z response factors are equal to those of Y response factors.

1|Cc At W Ce NP
_ 7+7_2 el ——————

"Tar| 3R (nn)?

(2.52)
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Figure 2.15. Definition of response factors due to a unit pulse of the outside
surface temperature.
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1|lc C(e 2P —pe™2Br)y
Xo=— | =425 2 (2.53)
And form >3
—-mAtfy _ ~ —(m=1)Atf, —(m=2)AtB,
sz—i 2%, C(e 2e : +e ) (2.54)
At (mcn)
Similarly,
1|Cc A o (1) Ce 2P
H=—"—]—-—-— +2) e 2.55
==y { 6 R Do (o)’ (2.55)
—2AtB, Atf3,
Zw (-D)"C(-e +2e 7)) (2.56)
(mn)*
And for m > 3:
mALf, (m-D)Atp, | ,—(m=2)Atf,
22 o (- 1) C(e” —2e” +e ) (2.57)
(wn)*
With
2
n
g, =7~ R()” (2.59)
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Where

* R is the thermal resistance of the homogeneous layer (i.e., R = Ax

with Ax is the thickness and k is the thermal conductivity of the
layer).

»  Cis the thermal capacitance of the homogeneous layer (i.e., pAxc,
with p is the density, Ax is the thickness and ¢, is the specific heat
of the layer).

For multi-layered walls, roofs, and floors, the response factors can be
calculated using the Laplace transform of the heat conduction equation. A
detailed description of the calculation process for multi-layered walls can
be found in several references [4-5, 13, 30].

To illustrate some applications of the response factors listed in Table
2.4 for a concrete wall, select wall properties and heat transfer through a
wall are estimated.

»  Estimation of thermal conductivity of the wall if the wall thickness
is 7.5 cm (0.25 ft)

Since the U-value of the wall is U = ZX n = ZYn ~ 2.0 Btu/hr.°F.
ft* and since the R-value of an homogeneous wall is R = 1/U = d/k (where
d is its thickness and £ is its thermal conductivity):

k=d.U=0.25%*2=0.50 Btu/hr.°F.ft

» Estimation of the time constant of the wall if the concrete density
is 120 Ibm/ft> and the specific heat is 0.20 Btu/lbm°F:

The time constant of a wall is defined as:

T=R.C=p.c,.d/U=120%0.20 * 0.25/2 = 3.0 hrs.

Thus, it will take several hours to charge the wall (at least 27= 6 hours).

* Calculation of heat flux at the inside and outside surfaces of the
wall when the outside temperature is one triangular unit pulse (at
t=1) and the inside temperature is constant and equal to zero:

Table 2.4. X and Y Response Factors for a Concrete Layer.
X1=6.180774 | X>=-3.588095 | X3=-0.4404840 | X4=-0.1171224 | X5=-0.03140926
Y1=0.311360 | Y,=1.095936 | Y3=0.43270 | Y4=0.117080 | Y5=0.0314092
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By definition of the response factors as outlined by Egs. (2.49) and
(2.50), the heat fluxes across inside (q;) and the outside (q,) surfaces due
to a unit pulse (at the outside surface) are given by:

qi (n.At)y=-Y, and g, (n.At)=-X,

The profiles of both the inside and outside surfaces heat fluxes are
provided in Figure 2.16 (q; in yellow).

»  Calculation of the wall heat flux under steady-state conditions with
the inside surface temperature is set at 70°F while the temperature
at the outside surface is maintained at 0°F.w

The steady-state heat flow is given as:
gi=qo = UAt=2* (70 — 0) = 140 Btu/hr.ft>

It should be noted that large set of response factors is needed for walls
or slabs with high thermal capacitance since any sudden temperature
variation can have a significant impact several hours after the change.
In this case, several response factors have to be calculated and stored to
estimate heat fluxes at any time as shown in Egs. (2.49) and (2.50). Table
2.5 lists response factors for a R-11 wood frame wall and an 8-in concrete
uninsulated wall.

Heat Flow From a Wall

o N O~ O

3 g-inside

Heat Flux, Btu/hr.ft2

Time, hr

Figure 2.16. Time variation of inside and outside wall surface heat fluxes.
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2.4 Simplified Energy Analysis Methods

For residential and small commercial buildings, simplified energy
analysis methods can be used to evaluate the whole-building energy
performance as well as to design of heating and cooling systems and
assess the cost-effectiveness of several energy efficiency measures. In
this section, two simplified analysis methods are described including the
variable-base degree day method and the thermal network technique.

2.4.1 Variable Base Degree Days Method

The degree-days method provides an estimation of the heating and
cooling loads of a building due to transmission losses through the envelope
and any solar and internal heat gains. The degree-days method is based on
steady-state analysis of the heat balance across the boundaries of the building.
A building is typically subject to several heat flows including conduction,
infiltration, solar gains, and internal gains as illustrated in Figure 2.17. The
net heat loss or heat gain at any instant is determined by applying a heat
balance (i.e., first law of Thermodynamics) to the building. For instance, for
heating load calculation, the instantaneous heat balance provides [31]:

di = BLCAT ~T,)~ g (2.60)
Where:

e BLC is the building load coefficient as defined in Eq. (2.61) to
include the effects of both transmission and infiltration losses:

Ng
BLC =Y Ur,j.Aj +titint Cp.q (2.61)
j=1

9cond

Tdint N
dsol Y % dinf

Figure 2.17. A simplified heat balance model for a building.
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*  (gg is the net heat gains due solar radiation, g, internal gains
(people, lights, and equipment), ¢;,;; and in some cases the ground
losses, gg4, if they are significant:

q.g ={sol +qint — (Jgrd (2.62)

This equation can be rearranged to introduce the balance temperature,
T}, for the building:

qr = BLC.K i_BngCj_TO} = BLC(Ty - T,) (2.63)

With the balance temperature defined as:

_rm_ Ye

lh=Ti—p - (2.64)
Therefore, the balance temperature adjusts the interior temperature
set-point by the amount of temperature increase due a reduction in the
building heating load resulting from the internal gains. Before the oil crisis,
the transmission and the infiltration losses were significant (and thus the
BLC value was high relative to the internal gains). It is estimated that
the net internal gains contributes to about 3°C (or 5°F) in most buildings.
Therefore, the balance temperature was assumed to be 18°C (or 65°F) for
all the buildings. However, with the increase in thermal efficiency of the
building envelope and the use of more equipment within the buildings, the
internal heat gains are more significant and thus can contribute in reducing

the heating load of the buildings.

By integrating the instantaneous heating load over the heating season,
the total building heating load can be determined. Note only the positive
values of gy are considered in the integration. In practice, the integration
is approximated by the sum of the heating loads averaged over short time
intervals (one hour or one day).

If hourly averages are used, the seasonal total building heating load is
estimated as:
Niu Nnn
On =, qn. ;=BLC. > (h-T,,)" (2.65)
j=1 i=1
The sum is performed over the number, Ny, z, of hours in the heating
season. From Eq. (2.65), a parameter that characterizes the heating
load of the building can be defined as the heating degree-hours (DHp)
which is function of only the outdoor temperatures and the balance or
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base temperature, 7, which varies with the building heating set-point
temperature and the building internal gains:

Np,H
DHy(Ty)= 3 (Th =T, ;)" (2.66)
j=1
If daily averages are used, the seasonal total building heating load is
estimated as:
Na,n Na,n
On =24 G5, =24BLC. Y (T, —T,;)" (2.67)
i=1 i=1

The sum is performed over the number, N, y, of days in the heating
season. Similar to the heating degree-hours defined by Eq. (2.66), the
heating degree-days (DDp) can be introduced for a base temperature, 7j:

Na.n
DDy (Ty)= Y. (T —T,5)" (2.68)

i=l

The total energy use, £y, to meet the heating load of the building can be
estimated by assuming a constant efficiency of the heating equipment over
the heating season (for instance several heating equipment manufacturers
provide the annual fuel use efficiency rating or AFUE for their boilers or
furnaces).

Using heating degree-hours is used, DHy (T3 ), the total energy use,
Ey, is estimated as follows:

_Qi _ BLC.DHy (Tp)
NH Nu

When heating degree-days is used, DDy (T}), Ey, is calculated using
Eq. (2.70):

Ey (2.69)

Oy  24.BLC.DDy (Tp)
EH = = =
NH NH

The variable base degree-hours and degree-days methods stated by
Eq. (2.69) and (2.70) can also be applied to determine the cooling load by
estimating the cooling season degree-hours, DH, and degree-days, DD¢,
using respectively, Eq. (2.71) and Eq. (2.72):

(2.70)

Nic
DHc(Ty)= Y. (T,; —Ty)" (2.71)
j=1
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Na.c

DDc(Ty) = D (Tp —Tp)" (2.72)
i=1

Where N, . and N, . are the number of hours and days, respectively, in
the cooling season.

Figure 2.18 illustrates the concept of both heating and cooling degree-
days based on the variation of the average daily outdoor air temperature
over one year.

It should be noted that the variable base degree-hours and degree-
days methods can provide remarkable accurate estimation of the annual
energy use due to heating especially for buildings dominated by losses
through the building envelope including infiltration. Unfortunately, the
degree-hours or degree-days method is not as accurate for calculating the
cooling loads due to several factors including effects of building thermal
mass that delays the action of internal gains, mild outdoor temperatures in
summer resulting in large errors in the estimation the cooling degree-days,
and the large variation in infiltration or ventilation rates as occupants open
windows or economizer cycles are used [32].

In several homes, the heating set-point is set back during unoccupied
hours typically during daytime as outlined in Figure 2.19. Instead of using
Eq. (2.66) with no setback, the heating degree-hours when temperature
setback is implemented can be estimated as follows:

Nn,occ * Nnunoce *
DH(Tb, setback) = Z (Tb - To,j) + Z (Tb,setback - To,j) (2~73)
Jj=1 j=1

Average Daily
Temperature

; y ; T " >

1 90 180 270 360

Day

Figure 2.18. Heating and cooling degree-days associated with a balance
temperature, Ty,
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Figure 2.19. Heating temperature setting with a setback temperature, AT.

where

* T, = base temperature during occupied period (°F or °C)

*  Thsetback = base temperature adjusted for setback period during
unoccupied period (°F or °C)

* M, unocc = number of hours during the heating season when the
home is unoccupied

* M, occ = number of hours during the heating season when the
home is occupied

As illustrated in Figure 2.19, the temperature setback, 7j setback can
be defined as a function of the balance temperature, 7T}, and the setback
temperature difference:

Tb,setback =Ty — AT (2.74)

In residential buildings, setbacks are typically implemented during
weekdays to accommodate typical daytime work schedules as illustrated
in Figure 2.20. In this case, the heating degree-hours can be estimated as
follows:
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Average Hourly
Temperature

DHu(Tp, To,setback)

Tp

— T\

1 6 12 18 24
Hour

Tb,setback |

Figure 2.20 Heating degree-hours for a balance temperature, T}, and a set-
back temperature, T setback

+ +

Ny wE Nn,wb, occ
DH(Ty, setvack) = 2, (To—Toj) + X, (To— Toj) +
J=1 J=1

+
Nh.wD, UNOCC

jzz,l(Tb.setback - To,j) (2.75)

where

*  NMpwp, uNnocc = number of weekday hours during unoccupied
period

*  Nn,wp, occ = number of weekday hours during occupied period

*  Npwe = number of weekend hours

The temperature setback reduces the heating degree-hours and thus
the energy use required to heat the home. To estimate the reduction of
the heating degree-hours due to a temperature setback, the fraction fpy, is
defined as the ratio of the degree-hours with setback estimated using Eq.
(2.75) to the degree-days without setback calculated using Eq. (2.66):

_ DH(Tb,setback)

Jou DH(Ty)

(2.76)
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It should be noted if there is no setback, then fpy = 1. Otherwise,
a correlation can be utilized to provide the fraction fpy as function of
the differential temperature setback and the duration of setback period
expressed in hours [33]:

f DH — d exp(fmATsetback) +b exp(*nhsetback) (2-77)

where

*  ATgewack = setback temperature difference (°F or °C)

*  Ngetback = the number of setback hours. It assumed that the setback
starts in the morning at 8:00 am.

* a, b, n, and m = correlation coefficients defined in Table 2.6 for
several US climate zones and sites

A simplified but less accurate method that the correlation presented by
Eq. (2.77) to estimate the fraction, fpy, can be used:

fDH _ 24— hsetback + hsetback (Tb,setback - TH,O) (2.78)
24 24 (To —Th,0)

where

* Tu, = average heating season outdoor ambient air temperature

(°F or °C)
Table 2.6: Model Coefficients for Eq. (2.77).
Zones Locations R? a b m n
1A Honolulu, HI 0.783 0.0623 0.9481 0.5229 0.0016
1A Miami, FLL 0.951 0.1491 0.8975 0.1600 0.0075
2A Savannah, GA 0914 0.1970 0.8686 0.0613 0.0113
2B Tucson, AZ 0.937 0.1773 0.8751 0.0730 0.0087

3A Charleston, SC 0.906 0.1997 0.8711 0.0594 0.0121
3A Little Rock, AR 0.894 0.2410 0.8284 0.0412 0.0126
3B San Diego, CA 0.885 0.1336 0.9476 0.2127 0.0126
4A Kansas City, MO  0.887 0.2991 0.7637 0.0268 0.0124
4B Albuquerque, NM  0.896 0.2624 0.8011 0.0337 0.0119

4C Eugene, OR 0.895 0.2434 0.8317 0.0464 0.0135
S5A Chicago, IL 0.876  0.3277 0.7337 0.0217 0.0126
S5A Hartford, CT 0.881 0.2840 0.7793 0.0273 0.0122
5B Boulder, CO 0.888 0.2357 0.8198 0.0310 0.0100
6B Eagle, CO 0.892 0.2674 0.7805 0.0234 0.0091
4—-6 Any Location 0.851 0.2623 0.7990 0.0307 0.0115
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2.4.2  Transient Thermal Network Analysis

The degree-day method presented above assumes steady-state heat
transfer processes. In most buildings, convection heat transfer is generally
steady state, however, conduction and radiation heat transfer is often
transient and vary with time. The time scale associated with these tran-
sients in residential buildings is on the order of hours, which is the
same general time scale for changes in the driving potentials of outdoor
temperature and solar radiation. Therefore, in calculating the heat transfer
into a building through walls and roofs, the calculations must account
for transient effects. Straight steady-state heat transfer calculations are a
crude simplification especially for building with significant thermal mass.
In residential buildings, simplified transient analysis techniques can be
utilized to estimate the mass effect and predict the time variation of indoor
temperature. In this section, the RC thermal network technique is first
introduced and then applied to estimate the thermal mass and the time
constant of a residential building.

An entire building can be represented by a thermal RC network. In the
simplest case, building heat transfer can be represented by two temperature
nodes, a single capacitance, and a single resistance as shown in Figure
2.21. The two temperatures are the indoor and outdoor temperatures, the
capacitance represents the entire thermal mass of the building, and the
resistance represents the heat transfer path between the indoor and outdoor
temperatures. Additional heat flow paths are added to account for internal
heat gains and heat addition by the HVAC system.

Y
BLC Tout

Figure 2.21. Thermal network model for a home.
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Mathematically, the thermal network for the house shown in Figure
2.21 can be expressed using a simple expression [31]:

C d];n
dt

= BLC(Tyus — Tin) + Qgain (2.79)

Where C = mc, is the capacitance of the home including the mass
of all the envelope components (i.e., floor and walls) as well as furniture
and interior partitions). Notice that, if the HVAC system is controlled to
maintain the indoor temperature at a constant value, this equation reverts
back to a simple and familiar steady-state equation.

c“;ll;’ = BLC(Tyu — Th) (2.80)

Where T} is the balance temperature of the building defined earlier for
the variable-base degree-day method as follows:

Ty =Ty anin/BLC (281)

The time constant, z, of a building is defined as the ratio of the building
capacitance, C, over the building load coefficient, BLC:
C
T=—1—
BLC
Thus, the differential equation, Eq. (2.80), can be expressed simply as:

d Tb - _ Tm - T out
dt T
If the outdoor air temperature, 7,,, is constant, the solution to the

differential equation is given below with 73 y= T(t = 0):
-t

Ty (6) = Tous _ 67
Tb,O _Tout

Therefore, the indoor air temperature variation with time, 7;,(¢), can
be estimated as follows:

T;n(t) =Tour + %ilg

(2.82)

(2.83)

(2.84)

-t
+|:Tin(t =0)—Tour — gigfgl }e ‘ (2.85)

In particular, when there is no internal gains (i.e., Og,in = 0), the indoor
air temperature variation with time, 7;,(¢), can be simply estimated as
follows:

—t

Tin(8) = Tour "'[Tin(tZO)_Tout]e7 (2.86)
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The RC thermal network model presented above can be used to estimate
the thermal mass of a building by measuring the indoor air temperature
during a period where the internal gains are small and the outdoor air
temperature remains constant. A cold winter night during a period when
the heating system is shut off (or during a set-back period) can be adequate
cool-down testing period especially if the outdoor temperature does not
vary significantly. Figure 2.22 shows the time variation of both outdoor
and indoor temperature variations for a home during a cool-down period.

The time constant can be estimated as the slope of the time variation
of the variable Y defined as:

Y = L;{T(”_T’} (2.87)
Tin(t = 0) —Tow

Based on Eq. (2.87), Y varies linearly with t with a constant of variation
a = —1/t with 1 is the building time constant. Using linear regression, the
slope a can be obtained as illustrated by Figure 2.23 for the testing data
presented in Figure 2.22 for the period between 2:15 am and 3:45 am when
the outdoor temperature remains constant at about 56°F.

Thermal Mass Temperature Monitoring

80 -
Early Morning Saturday 9/18/2010

75

70 6AM
@65 Midnight (before dawn)
dJ \
—
2
© 60 "
(o) e Qutdoor Temp
g_ w Indoor Temp

e L

& 55
'_

50

45

40

U T o I S o oV o Y o o A o o B N o Y L o I S o Y L o\ B L oV A R )
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Figure 2.22. Indoor and outdoor temperature variations during a cool-down
period.
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Figure 2.23. Estimation of the home time constant through Regression of
Y vs. time.

Based on the value of the slope a (a = —0.0018 min ') as shown
in Figure 3.13, the time constant can be estimated to be Tt = —1/a = -1/
(0.0018min ') = 555.6 min = 9.25 hr. This time constant indicate that the
home has a rather significant level of thermal mass. The capacitance of the
home can be estimate using Eq. (2.82) based on the BLC value.

2.5 Detailed Energy Analysis Methods

To model transient behavior of building energy systems, detailed
modeling techniques are typically used. A wide range of techniques has
been considered for the development of whole-building energy simulation
tools. In this section, three methods for detailed building energy analysis
are briefly described including heat balance, thermal networks, and
weighting factors based techniques.

2.5.1 Heat Balance Method

Figure 2.24 shows the basic heat balance elements considered to
model building thermal zones. The calculation procedure denoted in the
top part of Figure 2.24, inside the blue dashed box, is applied to all exterior
walls. The indoor air heat balance module ultimately collects convective
heat transfer from all interior surfaces, thermal load from infiltration and
ventilation, then compute indoor air temperature.
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Figure 2.24. Schematic of heat balance calculation procedure.

The heat balance on the outside surfaces can be expressed using Eq.
(2.88). The net heat flux from outside to inside of the wall is taken to
be positive in the direction. The first three terms (solar radiation heat
flux, convective exchange flux, and long-wave radiation flux exchange)
can be combined together by using the concept of a sol-air temperature.
Instead of a sol-air temperature, the heat balance method implemented
in EnergyPlus considers each of these heat flux components separately.
The direct and diffuse solar radiation is influenced by location, surface
azimuth and tilt angle, and material properties. The long-wave radiation
flux exchange term calculates radiation exchange between the surface, the
sky, and the ground.

qgol—i_qgonv_*_anR*q{(’o:O (288)

71



Where,

* g3, = absorbed direct and diffuse solar radiation heat flux,

* gl = convective exchange flux with outside air,

* gfwr = long-wave radiation flux exchange with outdoor air and
surroundings,

[ J—

*  gko = conductive flux (q/A) into wall.

Heat conduction through the opaque wall can be solved by various
methods as discussed in Section 2.3. For instance, Energyplus uses Con-
duction Transfer Function (CTF) to solve transient heat transfer through
various building envelope components.

The inside surface heat balance involving the inside facades of the surfaces
can be written as Eq. (2.89) involving several heat transfer components:

giwx +gsw T qiws + qii t qéony =0 (2.89)

Where,

*  ¢fwx =net long-wave radiant flux exchange between zone surfaces,
*  ¢g%w = net short-wave radiation flux to surface from lights,

*  ¢lws = long-wave radiation flux from equipment in zone,

* gk = conductive flux through the interior surface,

* gl = convective heat flux to zone air.

The air heat balance technique is applied to determine the heating and
cooling thermal load for each thermal zone. The indoor air heat balance
combines convective heat transfer from building envelope surfaces, air
infiltration, and internal loads. The air heat balance can be written as
indicated by Eq. (2.90) with relevant heat transfer components:

(Tar;':’—l _Tar;'r)

C
Pep At

= Qconv + Qinternal + Qvent + Ql'nf+ sts (2-90)

where,

«  p=density of air (kg/m?*),

* ¢, = specific heat (J/kg-°C),

* At = timestep (sec),

* T, = zone air temperature (°C),
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*  Q.ony = convective heat transfer rate (W),

*  QOimernal = convective parts of internal loads (W),
*  Oyenr = sensible load caused by ventilation (W),
* Q= sensible load caused by infiltration (W),

* Oy = heat transfer to/from HVAC system (W).

2.5.2  Thermal Network Method

Thermal networks have been widely used to simulate the thermal
performance of the building envelope as briefly noted in Section 2.4.2. In
particular, 3R-2C models have been successfully applied to simulate the
building envelopes for transient building load predictions [16, 34-37]. For
instance, Dewson et al. have demonstrated that a 3R-2C model is capable
of capturing accurately thermal behavior of a test solar cell [35]. Moreover,
Fux et al. have shown that a 3R-2C thermal network model can accurately
predict the room air temperature compared to the measured average room
air temperature for a lodging building in the Swiss Alps [37]. A generic
3R-2C thermal network model is modified to have a virtual node at wall
surface exposed to surroundings. A virtual node, a wall surface node, has
no thermal capacitance so that the surface temperature can react quickly to
the environment conditions. If a generic 3R-2C thermal network model is
used, Sol-air temperature must be employed instead Ty and Qg.r. Figure
2.25 depicts a thermal network of exterior wall connecting the indoor
space to the outdoor environment. All resistances and capacitances are
assumed to be time invariant.

Qsolar Qsolar, in
QLWR QLWX
To T
Text I I Tint

X;| Xy IXg

Figure 2.25. Description of RC thermal network for a single layer exterior wall.
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Convection and long-wave radiation exchanges occur at both sides
while short-wave solar radiation is considered only at the outer surface of
an exterior wall. Note that the thermal capacity at surface nodes (virtual air
film nodes) is neglected so that it can rapidly reacts to the surroundings.
The transient heat balance analysis for both nodes yields the following
difference equations:

T -T,
k%A +hoA(T,— Text) + QLWR + Osolar =0 (2.91)
1
plot =T 4 =T, o 4T
X1 B%) dt
T —-T, dT,

g gy T =D o A2
X2 X3 dt

T -T
k%A + hiA(]} —T;'nt)"' QLwx + Qsolar,in =0
3

where,

* k= thermal conductivity of materials (W/m-°C),

» x =distance between nodes (m),

» (= thermal capacitance of materials (J/ °C),

« A =area of surfaces (m%),

» T, = the outdoor air temperature (°C),

» T;=the zone air temperature (°C),

»  T'=the surface temperature of exterior walls (°C),

*  h, = the convective coefficient at outer surface of exterior walls
(W/m>-°C),

» h; = the convective coefficient at inner surface of exterior walls
(W/m?-°C),

*  (Orwr = net longwave radiation (W),

*  QOsolar = exterior solar radiation incident (W),

*  Osolarin = transmitted solar radiation incident (W),

*  (Ovwx = longwave radiant heat exchange between surfaces (W).

2.5.3 Weighting Factors

Weighting factors can be used to estimate thermal loads as function
of several variables such as temperatures and internal gains from people,
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Figure 2.26. Estimation of current loads from solar heat gains and previous
time step cooling loads.

equipment, and lighting. Specifically, a set of weighting factors are defined
for each space and thermal zone to compute the heating and cooling load
due either air-temperature or internal heat gains. Figure 2.26 illustrates the
concept of the weighting factors of a space to estimate the current cooling
load from previous time step cooling load and current and previous two
time steps of solar heat gains [30].

Using the case shown in Figure 2.26, the general expression to estimating
the thermal space cooling load, Q.(t), using the weighting factors [vg, vi> V2,
wi, 2] as well solar gains [¢0/(?), ¢soi(t — Al), gso(t — 2A1)] and previous time
steps cooling [O.(f — At), O.(t — 2A1)] is provided by Eq. (2.95):

Oct) = voqsolt) + vigsol (t — AL) + vagier (1 — 2A1)
(2.95)
w10t — At) + wr Q. (t — 2A1)

It should be noted that Eq. (2.95) can be applied for any time step and
any time-variation of solar heat gains. Under steady-state conditions, Eq.
(2.95) can be reformulated as follows:

Vo +Vio+V
Oc _Vvo+vio+Vv2 — foso (2.96)
5ol 1+w+wy

The fraction, f; ., represents the fraction of the solar heat gain that
appears as space cooling load under steady-conditions.

It should be noted that different sets of weighting factors are defined
for each type of internal heat gains. Table 2.7 lists weighting factors for
an air conditioned wood frame home with R-11 insulated walls and an
uninsulated roof.
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Table 2.7. Weighting Factors for Estimating Cooling Loads from Internal
Heat Gains due to Solar, Lighting, People, Equipment, and Conduction.

Weighting

factors Solar  Lighting People/equipment Conduction
Vo 0.399 0.39712 0.39712 0.63131
Vi —0.5013  —0.3903 —0.3903 —0.695
V2 0.10884  0.03824 0.03824 0.11655
wi 1.42473  1.17458 1.17458 1.17458
Wy —0.434  —0.2398 —0.2398 —0.2398

2.6 'Whole-Building Energy Models

Generally, whole-building energy analysis tools can be classified into
either forward or inverse methods. In the forward approach as depicted in
Figure 2.27, the energy predictions are based on a physical description of
the building systems such as geometry, location, construction details, and
HVAC system type and operation. Most of the existing detailed energy
simulation tools such as DOE-2, TRNSYS, and EnergyPlus follow the
forward modeling approach. In the inverse approach illustrated in Figure
2.28, the energy analysis model attempts to deduce representative building
parameters [such as the building load coefficient (BLC), the building base-
load, or the building time constant] using existing energy use, weather, and
relevant performance data. In general, the inverse models are less complex
to formulate than the forward models. However, the flexibility of inverse
models is typically limited by the formulation of the representative building
parameters and the accuracy of the building performance data. Most of the
existing inverse models rely on regression analysis such as the variable-base
degree-day models or the change-point models [38] tools or connectionist
approach [39] to identify the building parameters. It should be noted that
tools based on the forward or inverse approaches are suitable for other
applications. Among the common applications are verification of energy
savings actually incurred from energy conservation measures, diagnosis of
equipment malfunctions, and efficiency testing of building energy systems.

Energy analysis tools can also be classified based on their ability to
capture the dynamic behavior of building energy systems. Thus, energy
analysis tools can use either steady-state or dynamic modeling approaches.
In general, the steady-state models are sufficient to analysis seasonal or
annual building energy performance. However, dynamic models may be
required to assess the transient effects of building energy systems such as
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those encountered for thermal energy storage systems and optimal start
controls.

In this section, selected energy analysis tools commonly used in
the US and Europe are described. These tools are grouped into three
categories:

*  [nverse methods: using both steady-state and dynamic modeling
approaches and include variable-base degree-day methods.

o Forward methods: including either steady-state or dynamic
modeling approaches, are often the basis of detailed energy
simulation computer programs.

2.6.1 Inverse Modeling Methods

As discussed in the introduction, methods using the inverse modeling
approach rely on existing building performance data to identify a set of
building parameters. The inverse modeling methods can be valuable tools
in improving the building energy efficiency. In particular, the inverse
models can be used to:
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* help detect malfunctions by identifying time periods or specific
systems with abnormally high energy consumption,

» provide estimates of expected savings from a defined set of energy
conservation measures, and

* measure and verify savings achieved by energy retrofits.

Typically, regression analyses are used to estimate the representative
parameters for the building and/or its systems (such as building load
coefficient or heating system efficiency) using measured data. In general,
steady-state inverse models are based on monthly and/or daily data and
include one or more independent variables. Dynamic inverse models
are usually developed using hourly or sub-hourly data to capture any
significant transient effect such as the case where the building has a high
thermal mass to delay cooling or heating loads.

Steady-State Inverse Models: These models generally attempt to
identify the relationship between the building energy consumption and
selected weather-dependent parameters such as monthly or daily average
outdoor temperatures, degree-hours, or degree days. As mentioned earlier, the
relationship is identified using statistical methods (based on linear regression
analysis). The main advantages of the steady-state inverse models are:

* Simplicity: steady-state inverse models can be developed based
on a small data set such as energy data obtained from utility bills.

» Flexibility: steady-state inverse models have a wide range of
applications. They are particularly valuable in predicting the
heating, cooling energy end-uses for both residential and small
commercial buildings.

However, steady-state inverse models have some limitations since they
cannot be used to analyze transient effects such as thermal mass effects
and seasonal changes in the efficiency of the HVAC system. Steady-state
inverse models are especially suitable for measurement and verification
(M&V) of energy savings accrued from energy retrofits. In this section,
only simplified methods based on steady-inverse modeling are briefly
presented. These simplified models have been used to determine the
energy impact of selected energy efficiency measures and are based on the
degree-day method.

Using steady-state analysis, the building energy use per billing period
is correlated to either the average outdoor temperatures or to heating or
cooling degree-days (obtained for the billing period). Thus the energy
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consumption is estimated for each billing period using the following
expressions depending if outdoor temperature or degree-day is used:

Eq. (2.97) provides a temperature-base model while Eq. (2.98) outlines
a degree-day based model for evaluating residential building heating loads:

BLC

Ey =24x X (Tou — To)+ Evasen (2.97)
N

Eg =24x BLC x DDg (Tb,H) + Ebase,H (2.98)
nH

Eq. (2.99) provides a temperature-base model while Eq. (2.100)
outlines a degree-day based model for evaluating residential building
cooling loads:

BLC

EC =24x COPC X (TO - Tb,C) + Ebase,C (299)
BLC

Ec = 24 % COPC xDDc (Tb,C) + Ebase,C (2. 100)

where,

*  Eyjc represents the annual building energy use during heating or
cooling season

»  BLC is the building loss coefficient

* nuisthe average seasonal energy efficiency of the heating system

* COPC is the average seasonal coefficient of performance of the
cooling system

* Ty, nsc 1s the building balance temperature for heating or cooling
energy use.

* DDy is the heating or cooling degree-days (based on the balance
temperature).

*  Epasenyc 1s the base-load for building energy use. It represents the
non-heating or non-cooling energy use.

Through regression analysis, the balance temperature and the
building load coefficient (assuming known the heating or cooling system
efficiency) can be determined. One the building parameters are estimated,
the models of Egs. (2.97)—(2.100) can be used to establish an energy use
model for the building and to determine any energy savings attributed to
measures that affect one of the three parameters, balance temperature,
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Figure 2.29. Analysis of gas consumption as a function of monthly heating
degree-days.

building load coefficient, or heating/cooling system efficiency. Figure
2.29 illustrates the use of the heating model outlined by Eq. (2.98) to
correlate the natural gas usage as a function of the heating degree-day for
a residential building [40].

Dynamic models: Steady-state inverse models are only suitable
for predicting long-term building energy use. Therefore, energy use
data is collected for a relatively long time period (at least one season
or one year) to carry out the regression analysis. In the other hand,
dynamic inverse models can be used to predict short-term building
energy use variations using data collected for a short period of time
such as one week. Generally, a dynamic inverse model is based on a
building thermal model that uses a specific set of parameters. These
building model parameters are identified using typically some form of
a regression analysis.

An example of a dynamic model relating building cooling energy use

to the outdoor air temperatures at various time steps (typically hours) is
presented by Eq. (2.101):

EL +biEL ! 4. +bNERN =agT8 +a T8+ 42y, T," ™M (2.101)
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Other examples of dynamic inverse models include equivalent
thermal network analysis, Fourier series models, and artificial neural
networks. These models are capable of capturing dynamic effects such
as building thermal mass dynamics. The main advantages of the dynamic
inverse models include the ability to model complex systems that depend
on several independent parameters. Their disadvantages include their
complexity and the need for more detailed measurements to fine-tune
the model. Unlike steady-state inverse models, dynamic inverse models
usually require a high degree of user interaction and knowledge of the
modeled building or system.

2.6.2 Forward Modeling Methods

Forward modeling methods are generally based on physical
description of the building energy systems. Typically, forward models
can be used to determine the energy end-uses as well as predict any
energy savings incurred from energy conservation measures. Selected
existing US energy analysis tools that use the forward modeling approach
are described in the following sections [28].

Steady-state methods: Steady-state energy analysis methods that use
the forward modeling approach are generally easy to use since most of
the calculations can be performed by hand or using spreadsheet programs.
Most of steady-state forward tools are based on one form of degree-day
methods. As described earlier, the degree-day method used seasonal degree-
day computed at a specific set-point temperature (or balance temperature)
to predict the energy use for building heating. Typically, these degree-
days methods are not suitable for predicting building cooling loads. In the
US, the traditional degree method day using a base temperature of 65°F
has been replaced by the variable-base degree-days method and is applied
mostly to residential buildings. In Europe, heating degree-days using 18°C
as the base temperature is still used for both residential and commercial
buildings.

The variable-base degree-day methods predict seasonal building

energy used for heating with one variation of the following formulation:

_ 24 BLC.fpy.DDy(T3)
H

FU

(2.102)

Where:
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*  FU represents the fuel use (gas, fuel oil, or electricity depending
on the heating system).

* BLC is the building loss coefficient including transmission and
infiltration losses through the building envelope.

» fpy is a correction factor to include various effects such night set-
back effects, and free heat gains. A simplified method to estimate
this factor has been presented earlier in this chapter.

* Ty is the building heating balance temperature.

*  DDy(Tp) is the heating degree days calculated at the balance
temperature Ty,

Variable-base degree-days methods provide generally good predictions
of the fuel use for residential buildings dominated by transmission loads.
However, they are not recommended for buildings dominated by internal
loads and/or with involved HVAC system operation strategies.

Dynamic methods: Dynamic analytical models use numerical or
analytical methods to determine energy transfer between various building
systems. These models consist generally of simulation computer programs
with hourly or sub-hourly time steps) to estimate adequately the effects
of thermal inertia — due for instance to energy storage in the building
envelope and/or its heating system. The important characteristic of the
simulation programs is their capability to account for several parameters
that are crucial to accurately energy use especially for buildings with
significant thermal mass, thermostat setbacks or setups, explicit energy
storage, or predictive control strategies. A typical calculation flow chart of
detailed simulation programs is presented in Figure 2.30 [31].

Detailed computer programs require high-level of expertise and are
generally suitable to simulate large buildings with complex HVAC systems
and involved control strategies that are difficult to model by simplified
energy analysis tools.

In general, an energy simulation program requires a detailed physical
description of the building (including building geometry, building
envelope construction details, HVAC equipment type and operation, and
occupancy schedules). Thermal load calculations are based on a wide
range of algorithms depending on the complexity and the flexibility of the
simulation program. To adequately estimate energy savings from energy
efficiency measures, energy simulation tools have to be calibrated using
existing measured energy data (utility bills, for instance).
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Figure 2.30. Flow chart of complete building model.

While energy simulation programs are generally capable of modeling
most of the building energy systems, they are often not sufficiently flexible
and have inherent limitations. To select the appropriate energy simulation
program, it is important that the user be aware of the capabilities of each
simulation available to him/her. Some of the well-known simulations
programs are briefly presented below:

DOE-2 (version DOE-2.1). DOE-2 was developed at the Lawrence
Berkeley National Laboratory (LBNL) by the US Department
of Energy and is widely used because of its comprehensiveness
[30]. It can predict hourly, daily, monthly, and/or annual building
energy use. DOE-2 is often used to simulate complex buildings.
Typically, significant efforts are required to create DOE-2 input
files using a programming language called Building Description
Language (BDL). Several tools are currently available to facilitate
the process of developing DOE-2 input files. Among energy
engineers and professionals, DOE-2 has become a standard
building energy simulation tool in the US and several other
countries using interfaces such eQUEST and VisualDOE. Figure
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(b)

Figure 2.31. Three-dimensional models for a residential building (a) CAD
rendering and (b) eQUEST rendering (Kalinic, 2009).

2.31 shows a 3-D rendering of a residential building modeled
using eQUEST.

*  EnergyPlus builds on the features and capabilities of both DOE-
2 and BLAST [19]. It first version is expected to be issued in
year 2000. EnergyPlus uses new integrated solution techniques
to correct one of the deficiencies of both BLAST and DOE-2 —
the inaccurate prediction of space temperature variations. Accu-
rate prediction of space temperatures is crucial to properly
analyze energy efficient systems. For instance, HVAC system
performance and occupant comfort are directly affected by space
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temperature fluctuations. Moreover, EnergyPlus have several
features that should aid engineers and architects to evaluate a
number of innovative energy efficiency measures that cannot
be simulated adequately with either DOE-2 or BLAST. These
features include:

Free cooling operation strategies using outdoor air,

Realistic HVAC systems controls,

Effects of moisture adsorption in building elements,

Indoor air quality with a better modeling of contaminant and air
flows within the building.

Several interfaces for EnergyPlus have been developed over the last
few years. A complete list of the interfaces is periodically updated in the
EnergyPlus website [19]. Figure 2.32 illustrates a 3-D rendering of a large
residential building modeled using EnergyPlus.

TRNSYS provides a flexible energy analysis tool to simulate a
number of energy systems using user-defined modules [18]. While
TRNSYS can be used to model heating and cooling thermal loads
for homes, it is widely used for modeling active solar systems
including PV and solar hot water heating systems. Figure 2.33
illustrates a thermal model for a home using TRNSYS. A good
knowledge of computer programming (Fortran) is required to
properly use TRNSYS simulation tool.

Figure 2.32. Three-dimensional model for a large building using EnergyPlus.
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Figure 2.33. A thermal model for a house using TRNSYS simulation tool.

2.6.3 Meta-Modeling Approach

For several applications, the use of direct simulation tools may not be
suitable. A recent modeling approach, referred to as meta-modeling, has
been proposed and applied to building energy analysis. The meta-modeling
can replace and emulate detailed simulation analysis tools but with the
main advantage of significant reduction in computational efforts with little
reduction in prediction accuracy. The meta-modeling has been used to
calibrate detailed simulation model of existing buildings using metered data.

Figure 2.34 illustrates the structure of a Bayesian-Emulator approach
to identify input parameters to calibrate building energy models using
measured output data. The approach main features include:

*  User estimation of input parameters including prior belief distri-
bution probability functions for the unknown parameters.

* A sampling process for selecting sets of input parameters specific
to the building energy model.
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Figure 2.34. Comparison of proposed and traditional Bayesian based
approaches for parameter identification.

* A development of a Gaussian Process (GP) emulator for the
building energy model using the sampling input and output data.

* Through a Gaussian process, hyperparameters for the building
energy model are determined.

*  Through another sampling procedure, the unknown parameters
are identified by posterior distribution probability functions using
both the building energy model emulator and the hyperparameters.

In particular, Figure 2.34 compares the basic features for both the pro-
posed Bayesian-Emulator approach and the traditional Bayesian parameter
identification approaches. Specifically, the approach develops a GP emulator
of the detailed building energy model to reduce the computational efforts
associated with the use of a whole-building simulation analysis tool such as
DOE-2 or EnergyPlus outlined earlier. Initially, user’s estimated values for the
unknown model input parameters and prior belief distributions are considered
for the emulator development process. Then, the building energy model input
parameters are processed using a sampling approach to generate testing and
training building energy model input sets for the GP emulator. It has been shown
that the use of the emulator instead of the detailed energy model can reduce
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significantly the computational efforts while provide accurate estimation of the
unknown input parameters. Specifically, the emulator reduces the computing
time for the Bayesian optimization including the posterior sampling procedure
and the identification of the unknown building energy model input parameters
and their posterior distribution.

Recently, Kang and Krarti [41] has evaluated the benefits of using
the Bayesian-Emulator instead of the traditional Bayesian approach for
the calibration of detailed energy models of existing buildings. Several
methods exist to implement the traditional Bayesian approach [42—43]. In
their comparative analysis, Kang and Krarti have obtained the posterior
distributions and likelihood functions for the unknown input parameters
directly from DOE-2 simulation runs and measured data [43]. Three
sampling set sizes have been used to determine the accuracy level and CPU
time obtained by both the traditional Bayesian and the Bayesian-Emulator
approaches as illustrated in Figure 2.35. Moreover, Figure 2.35 compares
the accuracy levels for both approaches for the three considered sampling
set sizes (100, 1000, and 10000) using PRRMSE indicators. As indicated
by Figure 2.35, the Bayesian-Emulator approach significantly reduces the
CPU time for the identification of the unknown input parameters compared
to the traditional Bayesian approach by two orders of magnitude from
40 hours to just 5 minutes when a 10000 sampling set is used. However,
the accuracy of the traditional approach is actually slightly better than that
of the Bayesian-Emulator approach especially for a sampling size of 1000
[41]. This slightly lower accuracy of the Bayesian-Emulator approach is
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Figure 2.35. Comparison of CPU time and PRMSE for the traditional
Bayesian and proposed Bayesian-Emulator approaches.
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expected and is attributed to the prediction errors associated with the use
of an emulator instead of the detailed building energy simulation model.

2.7 Summary

In this chapter, suitable thermal analysis methods and techniques are
presented to assess the energy performance of buildings. In particular,
fundamental heat transfer concepts as well as thermal comfort metrics
are reviewed and applied to estimate the characteristics of various energy
systems of a building. Moreover, simplified as well as detailed analysis tools
are described with a brief discussion of the general analysis procedures used
by these tools. Depending on the building type and project requirement as
well as available time and budget, the energy modeler should select the
proper tool to carry out the energy analysis of the building and to estimate
the potential energy and cost savings for energy efficiency measures.
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3 Conventional Mechanical Systems
for Efficient Heating, Ventilating,
and Air Conditioning Systems

Jorge E. Gonzalez and Antonio José Bula-Silvera

Abstract

This chapter provides a concise overview of mechanical systems used
for heating, ventilation and air conditioning (HVAC) in residential and
commercial applications with emphasis on energy efficient equipment.
Components and systems considered include vapor compression systems,
chill water systems, heat rejection systems, radiant heating systems, gas-
fired heating systems, ventilation systems, design processes and strategies,
equipment sizing, review of codes and standards, system integration, and
future trends of these technologies. The focus of the chapter is on primary
mechanical HVAC systems.

3.1 Introduction

This chapter describes the equipment used to produce a cooling or
heating effect in residential and commercial buildings. For cooling,
there are three main systems widely used; a) the vapor compression
system, b) the absorption system, and c) the evaporative cooling process.
Commonly heating systems include; a) furnaces and boilers, b) vapor
compression heat pumps, and ¢) radiant heating systems.

The chapter first presents the details of the vapor compression and
absorption cycles, followed by heat rejection equipment, evaporative
cooling systems, and finally heating systems. The chapter closes with
system integration strategies. Components over which the designer has
little control (e.g., the internal design of a chiller or expansion device) are
not discussed in the chapter.
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3.2 Cooling Vapor Compression Systems

Figure 3.1 shows the ideal cycle schematically on a Temperature-
Entropy, or T-s, diagram. This process is called ideal because pressure
and temperature drop are ignored, superheating in the evaporator and sub-
cooling in the condenser that are present in real equipment are ignored,
and compressor inefficiencies are omitted. In this ideal cycle, also known
as Carnot Refrigeration Cycle, heat from the buildings is extracted in the
evaporator unit as a two-phase flow mix of the refrigerant (process 4-1).
The heat from the building is used to evaporate the mix before entering
the compressor. Ideally, the compression process (process 1-2) takes
place isentropically before entering the condensation process (process
2-3) where the total heat is released to the environment. The refrigeration
effect is eventually obtained in the expansion valve (process 3-4) where
the refrigerant is cooled down as a saturated low pressure mix.

The most common measure of refrigeration cycle performance is the
coefficient of performance (COP). For the ideal VC cycle, it is given by;

h —hy
hy —hy

CoP = (3.1)

The enthalpies in Eq. (3.1) are identified with the subscripts in Figure 3.1.

Figure 3.2 shows an actual vapor compression air conditioning system
with typical operating equipment. For actual systems, each mechanical
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Figure 3.1. Ideal refrigeration cycle and corresponding schematic arrange-
ment of mechanical equipment and T-S diagram.
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Figure 3.2. VC cycle equipment with typical operating equipment.

component in Figure 3.2 has thermodynamic irreversibilities associated
with it.

These may include:

1. Compressor — friction losses, heat losses, or heat gains

2. Condenser — friction losses, sub-cooling to ensure pure liquid at
throttling valve inlet

3. Evaporator — friction losses, superheating to ensure pure vapor
at compressor inlet

4. System losses — pressure drops, heat gains, and heat losses in
refrigerant lines; compressor shaft friction

These effects distort the ideal cycle shown in Figure 3.1 (solid lines) to
the real cycle shown in Figure 3.1 (dashed lines). Analysis of a real cycle
requires considerably more data than for the ideal cycle. To complete the
analysis, the following are required:

*  Compressor efficiency

* Liquid and vapor line heat loss coefticients
* Liquid and vapor line pressure drop values
*  Compressor heat loss or gain rate

»  Condenser and evaporator pressure drops
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*  Amount of refrigerant superheating at evaporator outlet
e Amount of refrigerant sub-cooling at condenser outlet

The most significant factors of those listed are the compressor efficiency,
compressor suction line heat gains and pressure losses, and condenser and
evaporator pressure drops.

3.2.1 Refrigerants

The key requirement of a refrigerant is that it has properties that
match the needs of building cooling systems. As a compressed vapor, a
refrigerant must not have excessive pressures at temperatures needed for
heat rejection to the environment on a hot summer day. It is desirable
to have the evaporator pressure below atmospheric pressure to avoid
refrigerant contamination to the ambient. The evaporator temperature at
this pressure should be near 40°F (5°C) to produce cooled air in direct-
expansion equipment at temperatures in the range of 50°F to 55°F (10°C
to 13°C); chillers and ice makers will operate at lower temperatures. With
these thermal restrictions plus the concerns listed earlier, it is not surprising
that only a few inexpensive refrigerants exist that meet all criteria.

During the early 1990s, 90 percent of all refrigerants used consisted
of R11, R12, R22, and R502 (an azeotropic mixture of R22 and R115; an
azeotrope is a mixture that cannot be separated by distillation and that has
properties different from either constituent). These refrigerants, known
as chlorofluorocarbons (CFCs), are chemically stable for terrestrial
applications, inexpensive, and nontoxic compounds. However, they have
been shown to destroy the stratospheric ozone layer which protects us
from ultraviolet (UV) solar radiation. Hence, damaging UV flux levels are
predicted to increase at the earth’s surface in the future. To avoid these serious
problems, the use of these common CFCs is being phased out worldwide.

Refrigerants 11 and 12 are the most destructive to the ozone layer
and have been the first to be phased out following the Montreal Protocol
[1]. They have been replaced by R22, R123, and R134a. Some of these
replacements, in turn, are likely to be replaced by more benign compounds
in the future, these known as natural refrigerants such as air and CO, [2].
Some of the compounds proposed for the first round of replacements have
problems, including toxicity, higher cost, reduced equipment capacity,
and incompatibility with existing compressor seal designs and lubricating
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oils. Thermodynamic properties for several common refrigerants are
given in charts and tables and are available in the open literature [3].

The method of identifying CFC refrigerants with the numbering
system used above is based on the number of fluorine atoms (right digit
of number), number of hydrogen atoms plus 1 (center digit), and number
of carbon atoms minus 1 (left digit, unless zero, which is suppressed).
For example, the chemical formula for dichlorodi-fluoromethane is
CCLF,. Therefore, the first digit is zero (suppressed); the center digit
is 1 since there are no hydrogen atoms. The right digit is 2 since there
are two fluorine atoms. The symbol is R12. Inorganic compounds are
numbered by adding 700 to their molecular weight. Therefore, ammonia
(MW = 17) is numbered R717. Mixtures of refrigerants use a serial
numbering system beginning with 500 are not related to the chemical
composition.

3.3 Absorption Cooling Systems

The closed absorption system is a heat operated unit using a refrigerant
which is alternatively absorbed and liberated at certain temperatures and
pressures. The main components of this system are absorber, generator,
condenser and evaporator. Figure 3.3 shows the principal features of these
systems. The basic operation is as follows.

In the evaporator the refrigerant is evaporated under low pressures as
it is sprayed on the tubes through which chilled water flows. The chilled
water is then delivered to the heat exchanger coil; however, the air is cooled
to be discharged to the room space for air-conditioning as it is needed. In
the absorber, the concentrated solution absorbs the vaporized refrigerant
from the evaporator at the same low pressure. As the solution is sprayed on
the cooling tubes within the absorber container, it is cooled down and the
pressure is lowered to be capable of absorbing more vapor. Any absorption
heat produced is suppressed by cooling water. The absorbent solution is
diluted due to the absorption of the vaporized refrigerant, being reduced
to a weak solution with less capacity of absorbing water vapor. In the
regenerator, the diluted solution pumped from the absorber is heated and
concentrated by dispelling some refrigerant vapor, so that the solution
again is capable of absorbing refrigerant vapor. This separation occurs
because the concentration of the refrigerant in the absorber decreases
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Figure 3.3. Closed absorption single-effect cooling cycle.

with temperature and is called regeneration. The heat must be given from
outside and may come from gas, oil, solar energy, or combinations of them.
The heat source will depend on the boiling temperature of the refrigerant
in the weak solution. The strong solution at the high temperature is cooled
through a heat exchanger with the weak solution from the absorber before
being brought into the absorber. This process serves to pre-heat the weak
solution which will be eventually brought to higher temperatures at the
regenerator. In the condenser, the high temperature vapor produced in
the regenerator is condensed on the surface of the cooling tubes through
the cooling tower water flow. The liquid refrigerant then enters into the
evaporator by a throttling process, being evaporated to take heat out of the
chilled water. The cycle is thus completed.

The absorbent solution is usually a salt with strong power to absorb
moisture. The desirable properties for the refrigerant are high heat of
vaporization, low specific heat capacity, and good thermal stability,
while for the absorbent, chemical stability, high boiling point and low
heat capacity are advantageous. The most common refrigerant/absorbent
pairs are water (refrigerant)/lithium bromide (H,O/LiBr) and ammonia
(refrigerant)/water (NH3/H,O).

The performance of closed-absorption machines is usually expressed
by the Coefficient of Performance (COP). The COP of an absorption
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chiller is defined as the ratio of the room cooling effect (Qevap) to the input
energy to the regenerator (Qgen):
cop=Low (3.2)

gen

Typical values of COPs for commercially available absorption chillers
ranges between 0.5 and 1.5. Commercial units are available for the H,O/
LiBr absorbent/refrigerant pair. Companies such as Carrier Corporation,
U.S.A.; Arkla, U.S.A.; and Yazaki, Japan; build chillers operated by gas
burners and have modified these units to be operated by hot water from
solar collectors. Units of NH,/H,O are not commonly found for domestic
applications due to the toxicity of NH,. Arkla-Servel and Bryant, U.S.A.
have marketed aqua-ammonia air conditioning units which can be used
outside of commercial or industrial buildings.
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Figure 3.4. Double-effect closed absorption cooling cycle.
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Since the advent of closed absorption machines more than 30 years
ago, improvements in the simple absorption cycle have taken several
forms. The most significant being the incorporation of multiple effects
generators. It was proposed some years ago an absorption chiller which
operated with two regenerators. In this chiller, most of the refrigerant
is desorbed in a high temperature regenerator. This high temperature
refrigerant exchanges heat with the weak solution at a lower pressure and
the weak solution is further regenerated. Figure 3.4 shows a typical two-
stage absorption chiller.

3.4 Mechanical Cooling Equipment — Chillers

A chiller is an assembly of equipment used to produce chilled water
for cooling of spaces within buildings. The equipment comprising a chiller
depends on whether the absorption cycle (AC) or vapor compression (VC)
cycle is used. Heat exchangers between the heat rejection subsystem and
cooling distribution subsystem are also included in the chiller assembly.
Figure 3.5 is a simple diagram of a liquid chiller based on the VC cycle.

In USCS units, the rate of refrigeration is often expressed as fons of
cooling. This unit of cooling effect is equivalent to 12,000 Btu/h (3.5 kW).
It was originally defined on the basis of melting of 1 ton (2000 Ib ) of ice
(heat of fusion 144 Btu/lb) per day (24 h), giving a cooling rate equal to
12,000 Btu/h (3515 W).

Condenser water

Condenser

Expansion Motor

/ device Compressor \ /
High-pressure side Vapor

Chiller ® ——————————————— [:I*D compression

Low-pressure side cycle

Evaporator

Chilled water

Figure 3.5. Schematic diagram showing essential components of basic liquid
chiller and relation to vapor compression cycle. (With permission CRC Press

[4].)
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3.5 Heat Rejection Equipment

All cooling equipment must reject to a heat sink the total of the heat
removed from the cooled building spaces and the compressor work (or
the absorber heat input for an absorption system). There are two standard
methods for rejecting heat. A cooling tower passes condenser water in
direct contact with outdoor air to cool the water by evaporation. An air-
cooled condenser cools refrigerant directly by flowing outdoor air over
the outer surface of tubes in which the condensing refrigerant flows. In
this section, we describe both forms of heat rejection to outdoor air from
central plant cooling systems. Although other heat sinks are used, outdoor
air is by far the most common.

3.5.1 Cooling Towers

Moderate to large chillers [larger than 150 to 200 tons (525 to 700 kW)]
use water as a condenser cooling medium. The lower condensing temperatures
achieved with water causes the chiller to operate more efficiently than if an
air-cooled condenser were used. The most common method of producing
cooling water for a condenser is by use of a cooling tower. A cooling tower
is a direct-contact heat exchanger in which heat picked up by a cooling water
loop from a refrigerator, air conditioner, or industrial process is transferred
to atmospheric air [3]. The condenser in commercial HVAC systems transfer
heat generated by the compressor into a water loop. Warm water is pumped
to the cooling tower and is cooled via evaporating cooling. Air inlets allow
the flow of cooler and dryer air from the surroundings into the interior of
the cooling tower. Heat and mass transfer takes place when water droplets
from the condenser unit enter in contact with incoming air reducing water’s
temperature via evaporative cooling process (Figure 3.6). Cooled water is
collected at the bottom of the tower where it will be pumped back to the
cycle while warm and moist air is released to the atmosphere. Additional
water is added to the system to replace water loss due to evaporation.

Cooling towers eject a partition of sensible and latent heat from
commercial buildings. The effectiveness of a heat exchanger is the ratio
of the actual heat transfer rate to the maximum possible heat transfer rate
determined by the maximum possible cooling effect. The maximum heat
transfer rate is limited by the enthalpy difference between inlet air and
outlet air if it were saturated at the temperature of the warm inlet water [4].
The effectiveness (¢), is defined as:
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The heat exchange between the refrigerant and the water in the
condenser is modeled to determine the water temperature that enters the
cooling tower. The heat exchange in the condenser is represented by:

Q* = Cmin (Two,cond - Twi,cond) = Cmin (TReﬁ - Twi,cond )9 (3 4)

Tw,-,cond :TWO,CT :wa,aira (3'5)
ng,cond ZTW,-,CT-

where C,;, is the minimum specific heat between the water and the
refrigerant, and Tpe; is the refrigerant temperature entering the condenser.
The minimum magnitude at which water temperature can be decreased inside
the cooling tower is equal to the wet bulb temperature of the outside air. The
wet bulb temperature, 7,5 4, 1S calculated from the following Eq. (3.5):

Towp.air =T atan[0.151977(RH % +8.313659)"2 ]+ atan (T + RH %)
—atan(RH % —1.676331)

3
+0.00391838(RH %)2 atan (0.023101RH %) — 4.686035,
(3.6)
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Air energy balance relates the cooling tower inlet and outlet conditions
that combined with the effectiveness definition provides an expression
that estimates the enthalpy of the outlet air based on the effectiveness
magnitude, inlet air enthalpy and saturated inlet air enthalpy. The mixing
ratio equation, which is related to temperature by the vapor pressure term,
completes an equation system that determines the magnitude of the outlet
temperature and specific humidity

Q* =mg(hao ~ hai), 3.7
hao = hai + € (hsai = hai), (3.8)
CpTao + Gvao (pr + L) = hai +&(hsai —hsai), (3.9
Gvao =0.62198 (3.10)
P-e
7.5T40
e=6.11x102377"Ta0 (3.11)

where A, is the enthalpy of saturated air at the inlet conditions.
Mechanical draft towers use fans or blowers to cause air to counterflow
upward against the down-flowing water droplets. Figure 3.7 shows a
forced-draft cooling tower. In this equipment, air is forced to flow against
the water droplet stream by use of an external centrifugal fan.

Figure 3.7. Photograph of induced draft cooling tower installation.
(Courtesy of SPX Cooling Technologies, Inc., Overland Park, KS. With
permission CRC Press [4].)
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3.5.2 Air-Cooled Condensers

Small chillers [less than 100 tons (350 kW)] often use air-cooled
condensers rather than water-cooled condensers and cooling towers,
discussed above. Air-cooled condensers are simply cross-flow heat
exchangers with refrigerant flowing and condensing inside of finned
tubes. Fans force air over the exterior surface of the tubes and the fins.
These condensers have modest maintenance requirements but may result
in higher energy consumption and shorter compressor life, because
condensing pressures are relatively high on summer days given typical
air-to-refrigerant temperature differences, as discussed below.

Although much of the heat transfer involves isothermal phase change,
some initial desuperheating and final liquid sub-cooling are usual.
Figure 3.8 is a photograph of an air-cooled condenser. The effectiveness-
Number of Transfer Units (e-NTU) method can be used to calculate the
performance of an air-cooled condenser of this type by dividing it into
three heat exchange sections — two sensible and one latent [6].

Cooling fan (typical)
Cabinet

Compressor (typical)

Figure 3.8. Photograph of air-cooled condenser bank located above compressor.
(Courtesy of United Technologies/Carrier, Farmington, CT. With permission
CRC Press [4].)
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The design of air-cooled condensers requires the specification of:

1. Heat rejection rate — determined by chiller or air conditioner
peak heat discharge rate.

2. Airflow rate — a balance between excessive pressure drop
for high flow rates and high initial cost for large heat transfer
surface. Usual values are 600 to 1200 ft3/min per ton [80 to 160
L/s per kW]. Fan power consumption is typically 0.1 to 0.2 hp/
ton (20 to 40 W/kW).

3. Temperature difference (refrigerant to entering air) — affected by
decision in item 2 and heat rate from item 1. Typical values are
15°F to 40°F (8°C to 22°C).

4. Noise — large air-cooled condensers can be noisy. They should
be located so that noise produced is not a nuisance to building
occupants.

5. Unobstructed airflow — a supply of outdoor air is needed
for proper operation. Short-circuiting of warm air leaving the
condenser back to the condenser inlet must be avoided. The area
near the condenser air inlet must be kept clean so that the coils
do not become blocked off or fouled.

In addition to problems associated with high-temperature operation, air-
cooled condensers require special controls to avoid excessive sub-cooling.
High altitude also causes a reduction in air-cooled condenser capacity since
the mass flow rate is reduced (because of lower air density), even though
the fan produces the same volumetric flow.

A small cooling effect (up to 20% to 25% of full load) can be achieved
by opening all valves in the refrigerant loop when the compressor is off.
The free migration of refrigerant between the indoor evaporator (warm)
and the outdoor condenser (cool) can produce some cooling without
operating the compressor for a small fraction of the year.

3.6 Recommendations for Chiller System Operation
in Commercial Buildings

Taking into account the part-load characteristics of chillers, cooling
towers, fans, and pumps, Braun et al. [7] have prepared a set of rules for
minimizing the energy consumption of chiller plants in commercial buildings.
In a case study, the authors showed that chiller energy consumption could
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be reduced from 26% to 43% compared with conventional fixed-speed
equipment, if these rules are followed.

» If the cooling tower is constructed of several cells with variable-
speed drives, operate all cells at the same speed.

e If the cooling tower is constructed of several cells with multiple-
speed fans, increment the lowest-speed fans first when additional
tower capacity is needed.

*  Variable-speed condenser water pumps should be controlled with
their associated chillers to give peak pump efficiency. If chillers
have more than one fixed-speed pump, all pumps should be
controlled so that they all operate at the same speed (assuming the
common practice that the several pumps are all the same model).
As described earlier, great care must be used if cooling tower
water flow is to be modulated, since flow imbalance and freezing
may occur.

e Multiple-chiller plants should be operated so that they all have the
same chilled water set points and so that condenser and evaporator
flows are proportional to each chiller’s cooling capacity. There is
not much difference in energy consumption for multiple-chiller
plants operated in series or parallel.

*  Parallel air handlers should all operate with the same air set points.

*  Optimal sequencing of multiple chillers depends on the specific
characteristics of the chillers. No general rules exist.

This relatively compact and simple set of rules was found because
all the key characteristics of an optimally operating chiller plant —
chilled water temperature, supply air temperature, cooling tower airflow
rate, and cooling tower water flow rate (if allowed to vary) — are related
nearly linearly to cooling load and wet-bulb temperature. Since control
of building relative humidity (rarely done except for critical applications)
imposes an additional constraint on the chiller plant, humidity control will
always consume more energy than not controlling it will under typical
commercial building conditions.

3.7 Cooling by Desiccant Equipment

Dehumidification processes can be used for cooling purposes. Excessive
temperature reductions in refrigeration systems will lead to dehumidification
by condensation if the temperature is below the dew point of the moist air. Air
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can also be dehumidified, however, without cooling by use of hygroscopic
materials which absorb or adsorb part of the water present in humid air. These
hygroscopic materials are known as desiccants, and may be liquids or solids.
If used for cooling, the dehumidification process must be associated with an
air cooling process. The dehumidification in desiccants systems is usually
associated with heat release and thus temperature increase of the air. The
cooling of the air can be achieved by means of a V'C or absorption system.
Cooling of the air can also be achieved by addition of moisture by means
of heat and mass exchange between air and atomized water or evaporative
cooling.

Dehumidification can also be achieved by absorbing water vapor
by a hygroscopic liquid. The important requirements of the liquid are
its miscibility (i.e., capacity for dilution) with water and a water vapor
pressure in the solution significantly lower than the partial pressure of
water in moist air. The boiling point of the liquid must be much higher
than that of water in order to be recycled and reused. Liquids that have
been commercially used as liquid desiccants include calcium chloride,
lithium chloride, and triethylene glycol. Kathabar, U.S.A. manufactures
a line of liquid desiccant dehumidifiers for industrial applications. Figure
3.9 shows the basic processes of a liquid desiccant dehumidifier system.
Room air is brought in contact with the warm liquid desiccant. The air
goes to sensible or evaporative cooling process, while the dilute solution

) o © L
Cool, Dry air % g = g Warm, moist air
to room 33 £ 3 to outside

Processing |
tower

| Regener.

tower

N
L
=)

Warm, moist air Warm, moist air
from room from outside

cAa
t Solution

Figure 3.9. Basic liquid-desiccant machine.
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of liquid desiccant goes to regenerator, in which exchanges heat to desorb
the moisture gained which is then released into the environment. A heat
exchanger is placed between the absorption and the desorption towers to
pre-heat the liquid desiccant prior to the regeneration. Typical regeneration
temperatures for liquid desiccant range from 60°C to 80°C, which are
suitable for solar heating applications.

3.7.1 Performance Equations for Liquid Desiccant Equipment

In open absorption systems, flows of heat and mass take place to and
from the system. Among these, dehumidification systems take the air
in, either from outside or from the building, and absorb its moisture in a
solid or liquid desiccant, cooling it also by exchange of sensible heat. The
desiccant is then regenerated by using low-grade heat, such as that provided
by solar collectors. Stevens et al. [8] have described a computationally
efficient model of liquid-desiccant heat and mass exchangers derived from
an effectiveness model of a cooling tower. The inlet solution and water
conditions and the system NTU were needed, as well as an assumption of
the exit conditions for the solution. A specific heat for saturated moist air
was obtained from:

dh
CP sat = 7;;”’ : (3.12)
N
Then, an effectiveness was calculated as:
| — g NTU(=m¥)
gzl—m*e’NTU(l’m*) (3.13)

where a capacitance ratio was defined by:

Mg Csat

m* =— . (3.14)
M iCP,s
The outlet air enthalpy was expressed as:
ha,o = ha,i + 8(hTS,sat - ha,i)- (315)

Using an energy balance, the outlet solution enthalpy could be
obtained. An effective saturation enthalpy is defined as:

hao — has
h]g,,sat,eﬁr :ha,i +%. (316)
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With the corresponding effective humidity ratio, the outlet air humidity
ratio can be calculated with:

Wa,0 = WT; sat eff + (a)a,i — W7, sat eff )e_NTU- (3 1 7)

Mass balances and the known states can be used to calculate the outlet
air temperature, the outlet solution mass flow rate, and new values for its
concentration and temperature. Therefore, the previous procedure called
for an iterative scheme. This approach has been used to model the solar-
assisted hybrid air conditioning system [9]. In this case, first, an absorber
inlet solution temperature was obtained such that the air leaving the
absorber has the desired humidity for the supply air. Then, a regenerator
inlet solution temperature was found to ensure that the moisture released
in the regenerator was equal to the moisture added in the absorber.

3.8 Summary for Cooling Equipment

This chapter has so far considered the quantitative aspects of the design
of mechanical and evaporative cooling central plants. Vapor compression
and absorption cycles are both competitive and should be considered by the
designer. Evaporative processes using water can reduce energy consumption
in many ways, including reducing cooling loads, meeting part of the
sensible load, or improving the performance of air-cooled condensers on
chiller plants. Part-load performance of mechanical or evaporative cooling
equipment must be considered to find the annual energy consumption
needed for system optimization.

3.9 Heat Generation and Transfer Equipment

3.9.1 Introduction

This section discusses equipment used for producing heat from fossil
fuels, electricity, or solar power. The emphasis is on design-oriented
information including system characteristics, operating efficiency, the
significance of part-load characteristics, and criteria for selecting from the
vast array of heat-producing equipment available.

The heating plants discussed in this section are often called the primary
systems. Systems intended to distribute heat produced by the primary
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systems are called secondary systems and include duct and pipes, fans
and pumps, terminal devices, and auxiliary components. Such secondary
systems for heating and cooling are described elsewhere in this Handbook
and are best understood after the primary heating and cooling systems
described in this and the next chapters are well comprehended. The terms
primary and secondary are equivalent to the terms plant and system used
by some building analysts and HVAC system modelers.

The various and most common heat generation or transfer systems are:

* Furnaces & Boilers
*  Heat pumps
e Radiant heating systems

The primary sources of heat for building heating systems are fossil
fuels, natural gas, and various grades of fuel oil and coal. Electricity is used
under certain circumstances for heat in commercial buildings, although
the economic penalties for so doing are significant. Solar power can be
converted to heat for applications in commercial buildings including
perimeter zone heating and service water heating.

3.9.2 Furnaces and Boilers

Fossil fuel-fired furnaces and boilers — are devices that convert the
chemical energy in fuels to heat. Furnaces heat airstreams that are used
in turn for heating the interior of buildings. Forced-air heating systems
supplied with heat by furnaces are the most common type of residential
heating system in the United States and most parts of the develop countries.
Boilers are pressure vessels used to transfer heat, produced by burning a
fuel, to a fluid. The most common fluid used for this purpose in buildings
is liquid water or water vapor. The key distinction between furnaces and
boilers is that air is heated in the former and water is heated in the latter.

The fuels used for producing heat in boilers and furnaces include
natural gas (i.e., methane), propane, fuel oil (at various grades numbered
through 6), wood, coal, and other fuels including refuse-derived fuels. It
is beyond the scope of this book to describe in detail the design of boilers
and furnaces or how they convert chemical energy to heat. Rather we
provide the information needed by HVAC designers for these two classes
of equipment. Since boilers and furnaces operate at elevated temperatures
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(and pressures for boilers), they are hazardous devices. As a result, a
body of standards has been developed to ensure the safe operation of this
equipment. We briefly describe this aspect of this equipment as well.

3.9.2.1 Furnaces

Modern furnaces use forced convection to remove heat produced
within the firebox from its outer surface. There are very many designs
to achieve this; four residential classifications based on airflow type are
shown in Figure 3.10. The upflow furnace shown in Figure 3.10 has a
blower located below the firebox heat exchanger with heated air exiting
the unit at the top. Return air from the heated space enters this furnace type
at the bottom. The upflow design is used in full-size mechanical rooms
where sufficient floor-to-ceiling space exists for the connecting ductwork.
This is the most common form of residential furnace.

Downflow furnaces work in reverse: Air flows downward as it is heated
by passing over the heat exchanger. This design is used in residences without
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Figure 3.10. Examples of furnace for residential space heating: vertical.
(With permission CRC Press [4].)
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basements or in upstairs mechanical spaces in two-story buildings. Horizontal
furnaces use a horizontal airflow path with the air mover located beside the
heat exchanger. This design is especially useful in applications where vertical
space is limited, for example, in attics or crawl spaces of residences.

The combustion side of the heat exchanger in gas furnaces can be at
either atmospheric pressure (the most common design for small furnaces)
or superatmospheric pressures produced by combustion air blowers. The
latter are of two kinds: forced-draft (blower upstream of combustion
chamber) or induced-draft (blower downstream of combustion chamber)
furnaces that have better control of parasitic heat losses through the stack.
As aresult, efficiencies are higher for such power combustion furnaces.

In addition to natural gas, liquefied propane gas (LPG) and fuel oil can
be used as energy sources for furnaces. LPG furnaces are very similar to
natural gas furnaces. The only differences between the two arise due to the
difference in energy content (1000 Btu/ft® for natural gas and 2500 Btu/
ft* for propane) and supply pressure to the burner. Gas furnaces can be
adapted for LPG use, and vice versa in many cases. Fuel oil burner systems
differ from gas burner systems owing to the need to atomize oil before
combustion. The remainder of the furnace is not much different from a gas
furnace except that heavier construction is often used.

In terms of performance, the steady-state efficiency 7, . is defined as
the fuel supplied less flue losses, all divided by the fuel supplied:

M furn = (n"lh)fuel._ (m}l)jhel,out (3‘ 1 8)
(mh)fuel

in which the subscripts identify the fuel input and flue gas exhaust mass
flow rates r1 and enthalpies /4. Gas flows are usually expressed in cubic
feet per hour (liters per second). Efficiency values are specified by the
manufacturer at a single value of fuel input rate. Of course, one could use
either greater or lesser flow rates, but the design flow rate is that at which
the manufacturer’s efficiency value applies. At higher fuel input rates, the
furnace could overheat with hazardous results. Industry standards dictate
the temperature limits allowable in furnaces and thereby limit the fuel
input rates.

This instantaneous efficiency is of limited value in selecting furnaces
owing to the fact that furnaces often operate in a cyclic, part-load mode
where instantaneous efficiency may be lower than that at peak operating
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conditions. Part-load efficiency is low since cycling causes inefficient
combustion, cyclic heating and cooling of the furnace heat exchanger
mass, and thermal cycling of the distribution ductwork. A more useful
performance index is the annual fuel utilization efficiency (AFUE), which
also accounts for other loss mechanisms over a season. These include
stack losses, cycling losses, infiltration, and pilot losses [6]. An ASHRAE
standard (103-1982R) is used for finding the AFUE for residential furnaces.

Table 3.1 shows typical values of AFUE for residential furnaces. The
table shows that efficiency improvements can be achieved by eliminating

Table 3.1. Typical Values of AFUE for Furnaces.

Type of Gas Furnace AFUE, Percent

1. Atmospheric with standing pilot 64.5
2. Atmospheric with intermittent ignition 69.0

3. Atmospheric with intermiteent ignition 78.0
and automatic vent damper

4. Same basic furnace as type 2, except  78.0
with power vent

5. Same as type 4 but with improved 81.5

heat transfer

6. Direct vent with standing pilot, 66.0

preheat

7. Direct vent, power vent, and 78.0
intermittent ignition

8. Power burner (forced-draft) 75.0

9. Condensing 92.5

Type of Oil Furnace AFUE, Percent
1. Standard 71.0

2. Same as type 1 with improved heat 76.0
transfer

3. Same as type 2 with automatic vent 83.0
damper

4. Condensing 91.0

Source: ASHRAE, Handbook of Systems and Equipment, American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Atlanta, GA, 2000.
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standing pilots, by using a forced-draft design, or by condensing the
products of combustion to recover latent heat normally lost to the flue
gases. Efficiency can also be improved by using a vent damper to reduce
stack losses during furnace-off periods. Although this table is prepared
from residential furnace data, it can be used for commercial-size furnaces
as well. Few data have been published for commercial systems since this
has not been mandated by law, as it has been for residential furnaces. The
AFUE has the shortcoming that a specific usage pattern and equipment
characteristics are assumed. In the next section, we discuss a more accurate
method for finding annual performance of heat-producing primary systems.

The AFUE can be used to find the annual energy consumption directly
from its definition below. The fuel consumption during an average year

quel’yr is given by

Ofuiel,yr = Ag'y(;E [MBTulyr;GJ /yr] (3.19)

where er is the annual heat load. By using this approach it is a simple
matter to find the savings one might expect, on average, by investing in a
more efficient furnace.

In addition to energy consumption, the designer must be concerned
with myriad other factors in furnace selection. These include:

* Air-side temperature rise; duct design and airflow rate affected

* Airflow rate; duct design affected

e Control operation (for example, will night or unoccupied day-
night setback be used? Is the fan controlled by thermal switch or
time-delay relay?)

e Safety issues (combustion gas control, fire hazards, high-
temperature limit switch)

3.9.2.2 Boilers

A boiler is a device made from copper, steel, or cast iron to transfer
heat from a combustion chamber (or electric resistance coil) to water in
the liquid phase, vapor phase, or both. Boilers are classified both by the
fuel used and by the operating pressure. Fuels include gas, fuel oils, wood,
coal, refuse-derived fuels, and electricity. In this sub-section we focus
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on fossil fuel-fired boilers. Boilers produce either hot water or steam at
various pressures. For building applications, hot water is more widely
used mechanism to transfer heat. Boilers for buildings are classified as:

*  Low-pressure: Steam boilers with operating pressures below 15
psig (100 kPa). Hot-water boilers with pressures below 150 psig
(1000 kPa); temperatures are limited to 250°F (120°C).

*  High-pressure: Steam boilers with operating pressures above 15
psig (100 kPa). Hot-water boilers with pressures above 150 psig
(1000 kPa); temperatures are above 250°F (120°C).

Heat rates for steam boilers are often expressed in pound-mass of
steam produced per hour (or kilowatts). The heating value of steam for
these purposes is rounded to 1000 Btuw/Ib_. Steam boilers are available at
heat rates of 50 to 50,000 Ib_/h of steam (15 to 15,000 kW).

Water boilers are available in the same range of sizes as steam boilers:
50 to 50,000 kBtu/h (15 to 15,000 kW). Hot water is used in buildings for
space and water heating.

Since the energy contained in steam and hot water within and flowing
through boilers is very large, an extensive codification of regulations has
evolved to ensure safe operation. In the United States, the ASME Boiler
and Pressure Vessel Code governs construction of boilers. For example,
the code sets the limits of temperature and pressure on low-pressure water
and steam boilers listed above.

Large boilers are constructed from steel or cast iron. Cast-iron boilers
are modular and consist of several identical heat transfer sections bolted
and gasketed together to meet the required output rating. Steel boilers are
not modular but are constructed by welding various components together
into one assembly. Heat transfer occurs across tubes containing either the
fire or the water to be heated. The former are called fire-tube boilers, and
the latter are water-tube boilers. Either material of construction can result
in equally efficient designs. Small, light boilers of moderate capacity are
sometimes needed for use in buildings. For these applications, the designer
should consider the use of copper boilers. Figure 3.11 is a photograph of
a steam boiler.

The HVAC engineer must specify boilers based on a few key criteria.
In this section we list these but do not discuss the internal design of boilers
and their construction. Boiler selection is based on the following criteria:
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Figure 3.11. Cutaway photograph of boiler. (With permission CRC Press [4].)

*  Boiler fuel: type, energy content, heating value including altitude
effects if gas-fired (no effect for coal or fuel oil boilers)

*  Required heat output: net output rating, kBtu/h (kW)

»  Operating pressure and working fluid

»  Efficiency and part-load characteristics

*  Other: space needs, control system, combustion air requirements,
safety requirements, ASME code applicability

The boiler heat output required for a building is determined by
summing the maximum heating requirement of all zones or loads serviced
by the boiler during peak demand for steam or hot water and adding to
that (1) parasitic losses including piping losses and (2) initial loop fluid
warm-up. Simply adding all the peak heating unit capacities of all the
zones in a building can result in an oversized boiler, since not all zones
require peak heating simultaneously. Additional boiler capacity may be
needed to recover from night setback in massive buildings. This transient
load is called the pickup load and must be accounted for in both boiler and
terminal heating unit sizing.

Boilers are often sized by their sea-level input fuel ratings. Of course, this
rating must be multiplied by the applicable efficiency to determine the gross
output of the boiler. In addition, if a gas boiler is not to be located at sea level,
the effect of altitude must be accounted for in the rating. Some boiler designs

116



use a forced-draft burner to force additional combustion air into the firebox,
to offset part of the effect of altitude. Also enriched or pressurized gas may be
provided at high altitude so that the heating value per unit volume is the same
as that at sea level. If no accommodation to altitude is made, the output of a
gas boiler drops by approximately 4% per 1000 ft (13% per 1 km) of altitude
above sea level. Therefore, a gas boiler located in Denver, Colorado (5000 ft,
1500 m), will have a capacity of only 80% of its sea-level rating.

Table 3.2 shows the type of data provided by manufacturers for the
selection of boilers for a specific project. Reading across the table, the fuel
input needs are first tabulated for the 13 boiler models listed. Column 5 is
the sea-level boiler output at the maximum design heat rate. Columns 6 to
9 convert the heat rate to steam and hot-water production rates. Column
10 expresses the heat rate in still a different way, by using units of boiler
horsepower (=33,475 Btu/h or 9.8 kW). Columns 11 to 14 provide information
needed for designing the combustion air supply system and the chimney.

According to the Boiler Efficiency Institute [10], the efficiency of a
steam boiler n, ; can be found from field measurements by

Qsteam
Nboil =

7mﬁld (HHV) (3.20)

where

Q‘S,eam is the steam output rate, Btu/h (kW)
tigfier 18 the fuel supply rate, Ibm/h (kg/s)
HHYV is higher heating value of fuel, Btu/lb (kJ/kg)

An additional efficiency is defined for boilers, the combustion
efficiency. It can be determined experimentally to ascertain the condition of
the fuel combustion equipment, including burners, heat transfer surfaces,
and combustion air supply equipment. As noted earlier, efficiency under
specific test conditions has very limited usefulness in calculating the
annual energy consumption of a boiler because of significant dropoff of
efficiency under part-load conditions. For small boilers [up to 300 kBtu/h
(90 kW)], the Department of Energy has set forth a method for finding
the AFUE. The annual energy consumption must be known in order to
perform economic analyses for optimal boiler selection.

For larger boilers, data specific to a manufacturer and an application
must be used to determine annual consumption. Efficiencies of fossil fuel
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boilers vary with heat rate depending on the internal design. If the boiler
has only one or two firing rates, the continuous range of heat inputs needed
to meet a varying heating load is achieved by cycling the boiler on and
off. However, as the load decreases, efficiency decreases since the boiler
spends progressively more time in transient warm-up and cooldown modes,
during which relatively less heat is delivered to the load. At maximum
load, the boiler cycles very little, and efficiency can be expected to be
near the rated efficiency of the boiler. Part-load effects can reduce average
efficiency to less than one-half of the peak efficiency. Of course, for an
oversized boiler, the average efficiency is well below the peak efficiency
since it operates at part load for the entire heating season. This operating-
cost penalty persists for the life of a building long after the designer who
oversized the system has forgotten the error.

3.9.3 Electric Resistance Heating

Electricity can be used as the heat source in both furnaces and boilers.
Electric units are available in the full range of sizes from small residential
furnaces (5 to 15 kW) to large boilers for commercial buildings (200 kW
to 20 MW). Electric units have four attractive features:

* Relatively lower initial cost

» Efficiency near 100%

* Near-zero part-load penalty

* Flue gas vents not necessary

The high cost of electricity (both energy and demand charges) diminishes
the apparent advantage of electric boilers and furnaces, however. Nevertheless,
they continue to be installed where first cost is a prime concern. The prudent
designer should consider the overwhelming life cycle costs of electric
systems, however. Electric boiler and furnace sizing follows the methods
outlined above for fuel-fired systems. In many cases, the thermodynamic
and economic penalties of pure resistance heating can be reduced by using
electric heat pumps, the subject of next subsection.

Environmental concerns must also be taken into account in considering
electric heating. Low conversion and transmission efficiencies (relative to
direct combustion of fuels for water heating) result in relatively higher CO,
emissions. Also SO, emissions from coal power plants are an environmental
concern.
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3.9.4  Electric Heat Pumps

Actual heat pump systems depart significantly from the Carnot cycle
method. Most system in common use today are of the vapor compression
type. The method of analysis is of vapor-compression heat pumps is the
same as vapor compression cooling systems described earlier in this
chapter. Also, the previous discussion of concerning the departure of
actual systems from ideal conditions apply for vapor-compression heat
pump systems. As shown in Figure 3.12, a typical vapor-compression heat
pump for space heating has the basic components of the vapor compression
cooling system: compressor, condenser, expansion valve, and evaporator.
The objective of the system, however, is different. In a heat pump system,
Qm comes from the outside, and Qou, is directed to the building as the
desired effect. A net work input, electrical in most cases, is needed to
accomplish this goal. The COP of a simple vapor compression system

hy —h3
hy —hy

COP =

(3.21)

Where the values of the enthalpies correspond to those of Figure 3.12.
The COP of electrical heat pump systems can never be less than unity.

Many sources of heat transfer to the refrigerant passing through the
evaporator are available including outside air, the ground, large water

Inside Outside
air air
Condenser 3 4 Evaporation
B IExrpansion ' o .
Qout valve C Qin
<« Wc Compressor 4NN
) 2 —'] == 1 | T
~—t T
_

Figure 3.12. Air-source vapor compression heat pump system. (From Ref [11].)
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Figure 3.13: Air-to-air reversing heat pump compression system. The solid
(dashed) lines show the operation on heating (cooling) mode. (From Ref [11].)

bodies such as lakes or rivers, or well water. Liquid water circulated
through solar collectors and stored in insulate tanks can also be used as
heat source for heat pumps. Industrial heat pumps employ waste heat to
warm liquid or gas streams as the low temperature source and are capable
of achieving high condenser temperatures.

In the most common type of vapor-compression systems for space
heating, the evaporator communicates thermally with the outside air. Such
are source heat pumps also can be used to provide cooling the summer
with the use of a reversing valve, as shown in Figure 3.13.

3.9.5 Low-Temperature Radiant Heating Systems

Heating systems in many parts of the world use warmed floors and/
or ceilings for space heating in buildings. Although this system is less
commonly used in the United States, the good comfort and quiet operation
provided by this approach make it worth considering for some applications.
Radiant systems are well suited to operation with heat pump, solar, and
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other low-temperature systems. In this section, we discuss the principles
of low-temperature space heating. This is distinct from high-temperature
radiant heating using either electricity or natural gas to provide a high-
temperature source from which radiation can be directed for localized
heating.

Figure 3.14 shows how a radiant floor might be configured in a
residence. The same concept can also be used in the ceiling in both
residential and commercial buildings. The term radiant is a misnomer
since between 30% (ceilings) and 50% (floors) of the heat transferred from
“radiant” panels is actually by convection. However, we use the industry’s

nomenclature for this heating system.
Underfloor

Reverse Standard
) ating Manifold
Differenti
: =

Flow TRV Wheelhead
tandard Heatguard

S He:

low

RV UFH
. .-"‘

Dual
Control
Air Vent

. Isolators
Boiler

Figure 3.14. Sample of residential radiant floor heating system.

122



The radiation heat output of radiant panels is given by the Stefan-
Boltzmann equation,

Oh-u = e Fiuo (T} T (3.22)

where

Eoff = % is the effective emittance of space; subscripts / and u
N + N
En &y
refer to heated and unheated (by radiant panels) surfaces of space; ¢ is
approximately 0.8
F, , = if the geometric view factor between heating surface and
unheated surfaces. In most cases this value could be considered to be 1
due to the internal characteristic of the radiant surface (inside the building)
to be an enclosure.
T, = heating surface temperature
T = mean of unheated surface temperatures
o = Stefan-Boltzmann constant.

The convection from the heating surface can be found by using
standard free-convection expressions [12—13].

The designer’s job is to determine the panel area needed, its operating
temperature, the heating liquid flow rate, and construction details. The
panel size is determined based on standard heat load calculations. Proper
account should be made of any losses from the back of the radiant panels
to unheated spaces. Panel temperatures should not exceed 85°F (29.5°C)
for floors and 115°F (46°C) for ceilings.

Water temperatures are typically 120°F (49°C) for floors and up to
155°F (69°C) for ceilings. Panels can be piped in a series configuration
if pipe runs are not excessively long (the final panels in a long series run
will not perform up to specifications due to low fluid temperatures). Long
series loops also have excessively high pressure drops. If large areas are
to be heated, a combination of series and parallel connections can be used.
Manufacturer’s advice should be sought regarding the number of panels
that can be connected in series without performance penalties.

If radiant floors are to be built during building construction rather than
used as prefabricated panels in ceilings, the following guidelines can be
used: Tubing spacing for a system of the type shown in Figure 3.14 should
be between 6 and 12 in. (15 and 30 cm). The tubing diameter ranges
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between 0.5 and 1.0 in. (1.2 and 2.5 cm). Flow rates are determined by
the rate of heat loss from the panel, which in turn depends on the surface
temperature and hence the fluid temperature. This step in the design is
iterative. Panel design follows this process:

1. Determine the room heat load.

2. Decide on the location of panels (roof or floor).

3. Find panel heat flux, including both radiative and convective
contributions at 80°F (27°C) for floor panels and 110°F (43°C)
for ceiling panels.

4. Divide heat load by heat flux to find needed panel area.

5. If panel area exceeds available floor or ceiling area, raise panel
temperature (not exceeding temperatures noted earlier) and
repeat steps 3 and 4.

6. If the panel area is still insufficient, consider both floor and
ceiling panels to improve thermal quality of room insulation.

Control of radiant heating systems has proved to be a challenge in
the past due to the large time constant of these systems. Both under- and
overheating are problems. If the outdoor temperature drops rapidly, this
system will have difficulty responding quickly. On the other hand, after a
morning warm-up followed by high solar gains on a sunny winter day, the
radiant system may overshoot. The current generation of “smart” controls
should help improve the comfort control of these systems. Radiant
heating systems are becoming widely popular in residential systems and
commercially available. Companies such as Warmboard Inc. (http://www.
warmboard.com), or RadiantTec (http://www.radiantec.com) provide
comprehensive systems in The United States.

3.10 Secondary Equipment: Air Handling Units

Secondary systems are those that meet the HVAC needs of specific
zones. They consist of air and liquid handling equipment, duct and pipe
systems, and heating and cooling terminal devices including coils, mixing
boxes, and baseboard heating units.

The energetic or economic measure of the effectiveness of the HVAC
system depends almost solely on its efficiency of operation at part-load
conditions since the system spends so much of its time at less than peak-load
conditions. The proper design of HVAC systems is subject to several criteria:
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1. Standards of comfort — temperature, humidity, air motion,
noise, cleanliness

2. Standards of economic and energetic efficiency — low initial
and operating costs and energy consumption subject to the
criteria in item 1

3. Standards of safety — embodied in codes and laws applicable to
buildings

4. Desires of the owner as specified initially in the architectural
program and on an ongoing basis during the design process at
design meetings

5. Effective communication between all design professionals and
ongoing documentation of the design process

Air is the medium used in the majority of HVAC systems to condition
spaces of many types. Either air can be supplied from a central plant or
a heated or cooled liquid can heat or cool air within a space. The earliest
methods for cooling a building used natural or mechanical ventilation with
outdoor air.

Ventilation is defined as the supply or removal of air from a space
by mechanical or natural means. Meeting comfort conditions will often
require conditioning of this air by heating or cooling it or by humidifying
or dehumidifying it or by both. Ventilation serves two purposes:

*  Addition or removal of heat and/or humidity from occupied spaces
*  Supply of fresh air to meet health requirements

Systems of the type shown in Figure 3.15 are commonly used for
supplying air for both purposes in buildings, and are referred as Air Handling
Units (AHU). When the AHU in Figure 3.15 is used for cooling, the air
leaves the cooling coil (connected to the primary system chiller) at about
55°F (13°C) in conventional systems. Ordinarily some dehumidification is
also achieved in the cooling coil. The heating coil is not active. On the other
hand, when heating is required, the air delivery temperature for heating is
approximately 90 to 105°F (32 to 40°C) or above in conventional systems.
During heating, the cooling coil is inactive in this simple system.

The supply air fan draws air through the coils and causes it to flow into
the space to be conditioned. According to the conservation of mass, the
amount of air supplied to the space must also be removed from it, except
for differences which may be caused by infiltration or exfiltration. The
return air duct and fan serve to remove air from the zone. Under conditions
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Figure 3.15. Simplified secondary HVAC system for a single zone.

of significant heating or cooling, considerable energy and cost have been
expended to condition room air. Instead of discarding this air after a single
pass through the space, a portion can be reused. This is the purpose of the
return air duct. The amount of room air that must be discarded depends on
the fresh air supply requirements, which we discuss next.

3.10.1 Fresh Air Ventilation Rates

The requirement for fresh air in buildings is set by the need to dilute
indoor contaminants so that their concentration never exceeds established
threshold levels. Building occupants and materials are the main source of
pollutants that require control. (The amount of oxygen consumed by human
metabolism is very small in typical occupancy densities in buildings and is
not the main determinant for fresh air supply.) Contaminants in buildings
include radon, formaldehyde, various other organic compounds, particulates,
carbon dioxide, tobacco smoke, odors, and nitrogen oxides. Since the
control of each contaminant in a building is impossible from a practical
point of view, carbon dioxide concentration can be taken as an approximate
surrogate for all other contaminants, at least those related to human activity.
To maintain a minimum CO, concentration indoors, C; in the presence of its
evolution by humans requires a ventilation rate V' given by

e
C=Cp+ 7? (3.23)
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Table 3.3. Fresh Air Ventilation Requirements.

Application ft’/min per Person L/s per Person
Dining rooms 20 10

Hotel room 30 (per room) 15 (per room)
Offices, conference rooms 20 10

Public smoking lounge 60 30

Retail stores 0.20—0.30 ft*/(min - ft*) 1.0-1.5 L/(s-m?)
Auditorium 15 8

School classroom 15 8

Hospital patient room 25 13

Residential living areas 0.35 air change/h 0.35 air change/h

but >15ft*/min per occupant but >7.5 L/s per occupant

Source: Courtesy of ASHRAE, Standard 62—1999: Ventilation for Acceptable Indoor Air Quality,
American Society of Heating, Refrigerating and Air-Conditioning Engineers, Atlanta, GA,
1999b.

Where

C,= outdoor volumetric concentration of CO,; dimensionless, for
~ example, percent or parts per million commonly used

V= generation rate of CO, by occupants, ft3/min (L/s)

V' = needed outdoor ventilation rate, ft*/min (L/s)

Given the known rate of evolution and the threshold level of CO,
to be permitted (about 0.1%) and a measure of conservatism, ASHRAE
Standard 62-1999 [15] specifies that each person in a building should be
supplied with at least 15 ft3/min (7.5 L/s) of fresh air. Table 3.3 shows
the amount of fresh air to be supplied based on the type of space and
level of activity. “Fresh” air can be either outdoor air or treated indoor
air with minimal contaminant levels. In some cities, outdoor air is quite
contaminated and unsuitable for use in buildings. In such cases, other
techniques such as particulate control by mechanical filtration, electronic
filtration, air washing to remove gaseous contaminants, or use of activated
charcoal are needed to provide fresh air.

3.11 High Efficiency System Integration

3.11.1 Chiller Water Loops and VAV Systems

In order to take advantage of the new technologies developed for
HVAC systems, including air handling units, pumping systems and high
efficiency refrigeration equipment, different schemes have been designed.
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The variable air volume system (VAV) associated to variable speed dual
cooling loop system, will be discussed.

An air conditioned area has a variable cooling load during the day,
week, and year. This creates a necessity to follow the cooling load with
the required amount of air. A typical air cooling load for a specific area can
have the profile presented in Figure 3.16.

A single unit system, associated to that cooling profile can be
represented according to Figure 3.17. The equation representing the
sensible heat removed from the conditioned area can be written as:

O, =1.2VAT (3.24)
Where

Oy = sensible heat to be removed from the conditioned space (W)

V' = standard volumetric flow required to remove the heat, (L/s)
AT = Temperature difference between the conditioned space and the

supply air (°C)
Cooling Load
9000
8000
7000
W' 6000
5000
= Cooling Load (Monday - Friday) April
4000 —x==Cooling Load (Saturday-Sunday) April
—6=— Cooling Load (Monday - Friday) August
3000
0 4 8 12 16 20 24

Hour

Figure 3.16. Typical cooling load in for different schedules.
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And the latent heat removed can be written as:
O =3010V Aw (3.25)

Where

Oy, = latent heat to be removed from the conditioned space (W)
¥ = standard volumetric flow required to remove the heat, (L/s)
w= humidity difference between the conditioned space and the
supply air (kg of water vapor/kg of dry air)

For a fixed volume system, the cooling load is managed by changing
the supply air temperature. According to Eq. (3.24), this is obtained by
changing the temperature difference. For a variable air system, this is
attained by changing the amount of air being supplied to the space. This
requires to introduce some control elements in the system, and they are
presented in Figures 3.17 and 3.18. The amount of air required by the
room is modified by introducing a Variable Air Volume Box, VAV Box.
This box receives a signal from a temperature controller that is sensing
the temperature inside the conditioned space. If the temperature rises
over the temperature set point, the signal being sent by the temperature
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Figure 3.18. Variable air volume system control loops with chill water cooling
system.

sensor is interpreted by the controller and the VAV Box is opened by an
electro-mechanical device allowing more air to flow in the space. On
the other hand, if the temperature drops below the temperature set point,
the VAV Box is closed. At all times, the temperature of the supplied
air remains constant. This is the first control loop: Space Temperature
Control Loop.

As the VAV Box closes, this increases the temperature upstream the
VAV Box. If no action is taken, the fan will accommodate itself to the new
pressure condition, nevertheless, the energy consumption will remain high
due to the high pressure in the duct. The second loop: Air Flow Control
loop, consists of a pressure sensor and a flow controller that changes the
fan speed. The VAV Box closes because the temperature of the room is
below the set point, this increases the pressure upstream the VAV Box. The
Flow controller receives the signal from the pressure sensor indicating that
the air flow can be reduced and the speed fan is then reduced. If the room
temperature increases, the VAV Box opens, the pressure upstream the VAV
Box decreases and the flow controller increases the fan speed.
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The power required by the fan is proportional to the flow and
proportional to the second power of the speed in the duct. If the flow is
reduced, energy is saved because the flow is reduced to the required value
and the pressure drop in the duct is also reduced.

The third loop, the Air Supply Temperature Control Loop is used to
maintain a constant supply temperature. If the air flow is reduced, the air
supply temperature will decrease. A temperature sensor send that signal to
the air supply temperature controller, indicating that the proportional valve
located at the inlet of chiller water to the cooling coil can be proportionally
closed. If the flow increases, the system increases the chilled water flow
through the cooling coil.

The fourth control loop is established between the building and the
pump moving the chilled water from the facilities room. As the proportional
valves (there is one proportional valve for each different air handling unit),
close due to temperature drop in the conditioned space, the pressure at the
exit of the pump increases. A pressure sensor located at the discharge of
the pump (it needs to be located before any other valve or flow restrictor
element) sends a signal to the chilled water flow controller. This controller
reduces then, the speed of the pump.

The fifth control loop is internal to the refrigerating machine, and
depends on the technology being used. The manufacturers have proprietary
technology for their equipment.

The sixth and final control loop is located at the cooling tower. The
water flow going through the condenser, for most of the equipments, is
constant independently of the cooling load. As the temperature of the
water coming from the condenser decreases, a temperature sensor sends a
signal to the cooling tower air flow controller, and this reduces the speed
of the cooling tower fan.

As it is noticed, the control cascade is able to accommodate to the
cooing load of the building, and it achieves the desired energy consumption
reduction. Alvarez et al. [15, 16], performed an energy analysis to the
following system.

The results obtained showed that using a VAV system operating
with the control loops discussed, achieved savings up to 43% in energy
consumption for ventilation and up to 18% in energy consumption for
entire system (Table 3.4).

131



TABLE 3.4. Chiller and System Energy Performance (From Alvarez et al.
[15]).

System
(Chiller plus
pumps and
Chiller (Only) cooling tower)
% Load  TON kW EER kW/TON kW kW/TON
100.0 85.9 63.8 16.2 0.7 78.7 0.9
72.6 63.4 45.1 16.8 0.7 56.1 0.9
50.0 43.0 30.0 17.2 0.7 37.5 0.9
22.6 19.4 13.5 17.3 0.7 16.8 0.9

3.11.2  Energy Recovery Systems

The energy savings can also be achieved by the introduction of energy
recovery systems, especially in zones where the humidity is extremely
high. A schematic showing how the system is installed is presented in
Figure 3.19.

The air being exhausted from the conditioned space, is used to remove
part of the sensible and, occasionally, part of the latent heat of the outside
air being used for ventilation purposes. This is achieved by having a heat
exchanger. According to Figure 3.19, the temperature at T, (Conditioned
space temperature) is lower than T, (Outside air temperature), and this
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Figure 3.19. Energy recovery system for a cooling HVAC system for a single
zone.
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energy potential is used to remove sensible heat. In case T, is lower than
the dew point at point 1, humidity will be removed from the ventilation air.

Some other systems, have a rotary enthalpy wheel. In this case, the
wheel is made out of an adsorbent material, able to remove humidity
from the outside air being used for ventilation. In order to bring the rotary
enthalpy wheel back to an operational condition, the wheel is heated to
remove the humidity adsorbed in the process. The ventilation air suffers
a temperature increment and a humidity reduction. Because of that, the
exhaust air used to cool down the air as it comes out of the rotary wheel.

The final effect of this recovery system, is to reduce the cooling power
required by the air handling unit.

3.12 Future Trends of HVAC Mechanical Systems

3.12.1 Supervisory Control Systems

The air conditioning systems have been taking advantage of the
electronic developments in order to have more efficient equipment, able to
follow the thermal load and accommodate to the user requirements. These
abilities require an increment in the complexity of the control system,
a supervising control strategy to manage the different control loops,
automatic systems with the programmed knowledge to respond to the
building necessities, and at the end, the air conditioning systems become a
complex system that is difficult to trouble shoot in case of failure.

The new trends will require development of supervisory systems, able
to oversee the operation in real time, which will have to learn to recognize
if the system is operating adequately or if it is presenting a malfunctioning
condition. The supervisory will have to be flexible enough to learn from
any building, and the operational knowledge will be proprietary for that
building. Nevertheless, the logic behind the learning process have to
be applicable for any building, it has to be flexible enough to accept as
many signals coming from the field, and it will have to be able to make
decisions identifying if a failure is present or it is in front of a non-common
operation in between the operational conditions. This system will require
centralizing every single signal from the field, and it will have to analyze
it in a statistical manner among many other signals, and it will have to be
able to recognize patterns, create thresholds, and finally make a decision
to report if a failure has been detected.
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Traditional systems, where an operator can check every signal will
no longer be viable, humans are not able to follow hundreds of signals
[17] and they are not able to recognize failure patterns when hundreds of
signals are present [18].

3.12.2  Heat Exchanger Materials

Heat exchangers are required to perform at different conditions, especially
in refrigeration equipment where variable flow is used (refrigerant, air, water).
For the fluids involved, this represents a change in the heat transfer mode,
either at the evaporator or the condenser. In order to keep the heat transfer
coefficients at a level capable of removing the heat even at low speeds, change
in the materials performance or “behavior” can be considered [19].

New materials are being developed and used for this purpose [20, 21]
and the results have shown these new materials used to manufacture heat
exchangers are able to improve the heat transfer conditions at the outer
surface of the air side.

For internal conditions, researchers have been working to enhanced
heat transfer conditions, and experiments are being developed for pool
boiling [22]. Still, research needs to be done in order to have pipes able to
enhance the heat transfer process at different mass flow rates.

The last developments in materials have brought a new important
characteristic, expected to enhance heat transfer: plasmons. Many different
options are being considered, and the most extreme but the most beneficial for
the planet would be a non-moving parts air conditioning system. Think about
walls, made out of especial materials absorbing heat from inside the building,
reflecting shortwave near the visible and infrared spectrum, and emitting in
the middle infra-red wavelengths. This situation will allow cooling buildings
in the middle of the summer, and helping to reduce the energy consumption
from mechanical refrigeration systems. This initiative has been led by the US
Department of Energy through the Sun Shot program [23].

3.12.3  Surface Enhancing Heat Transfer

Heat transfer can be enhanced by changing the surface characteristics
of the heat exchangers. Many different options have been considered,
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depending on the fluid phase: either gas, liquid or a multiphase flow. In
the case of a evaporator, one of the main ideas is to increase nucleation
sites, boundary layer break-up and reattachment as well as interfacial
turbulence. These surface enhancements look for a size reduction and an
increment in the heat transfer coefficient, even at very small flows [24].
Fins have also been improved, and micro fins are used to improve the heat
transfer characteristics [25].

New developments associated to nano structures will create smaller
and more efficient heat exchangers, and mainly, they will be able to
handle variable flow equipment. This will allow not only guarantee the
temperature but humidity control as well.
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4 Passive Cooling and Heating Techniques
for Buildings

Zhigiang (John) Zhai and Ning Feng

Abstract

Sun, earth, sky, and atmosphere are adequate, fundamental and
renewable resources that can be taken advantage of to increase building
comfort while reduce building energy use. Passive cooling and heating
techniques not only save building energy consumption but also demonstrate
significant comfort and health benefits, as well as human preference.
This chapter introduces the general principles and considerations of
utilizing passive cooling and heating techniques for sustainable building
development. Seven commonly used passive cooling and heating
techniques are further discussed in details. The chapter focuses on
presenting general principles, thermal and energy performance, and key
design considerations of these techniques.

4.1 Introduction

Building has significant impacts on the environment and natural
resources. The construction, maintenance, and demolition of buildings
consume tremendous natural resources and energy and produce
significant environment pollutions. The emerging world energy and
environment crises demand a substantial revolution of building design
philosophies, strategies, technologies, and construction and management
methods. Historically, human are smart enough to utilize natural forces
and resources to cool, heat, and ventilate spaces. Over the course of
time, dwellings have evolved to respond to challenges of climate,
building materials and cultural expectations in a given place through
a long period of trial and error and the ingenuity of local builders who
possess specific knowledge about their place on the planet. Passive
architecture varies widely with the world’s vast spectrum of climate,
terrain and culture. It contains significant information and knowledge
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on how to optimize the energy performance of buildings at low cost
using local materials.

Sun, earth, sky, and atmosphere are adequate, fundamental and renew-
able resources that can be taken advantage of to increase building comfort
while reduce building energy use (Table 4.1). Good understanding of heat
transfer mechanisms (conduction, convection, radiation, evaporation, and
condensation) between earth ground, environment, and building elements
will facilitate proper designs that fully use the cooling and heating capacity
of ambient conditions (solar, air, sky etc.).

In addition to saving on energy, passive cooling and heating
techniques typically demonstrate significant comfort and health benefits,
as well as human preference. For instance, research has shown that the
acceptable thermal comfort range for naturally ventilated buildings is
noticeably larger than for buildings with standard mechanical HVAC
systems. The generally high level of occupant control associated with
passive buildings is also thought to contribute to the acceptance of warmer
indoor temperature. Furthermore, passive systems have been shown to
consistently outperform mechanical systems with respect to complaints
of Sick Building Syndrome (SBS) and its associated symptoms.
Generally, when building occupants are more satisfied with their working
environment, their productivity and job satisfaction also increase. The
advantages of using passive techniques are, hence, significant beyond the
energy benefit.

This chapter first introduces the general principles and considerations
of utilizing passive cooling and heating techniques for sustainable building
development. A brief checklist is presented to prescreen the feasibilities of
using passive cooling and heating techniques for specific projects.

Seven commonly used passive cooling and heating techniques are then
discussed in details. The chapter focuses on presenting general principles,
thermal and energy performance, and key design considerations of these
techniques. The introduced passive techniques are classified into three
categories based on the functions:

1. Passive cooling techniques: including natural ventilation; night
cooling and thermal mass; and evaporative cooling.

2. Passive heating techniques: including Trombe wall and sunspace.

3. Combined passive cooling and heating techniques: including
double skin fagade and phase change material.
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4.2 Overview of Passive Cooling

Before the technology of refrigeration, people use many natural
methods to keep themselves cool such as wind through windows, water
evaporating from pools and fountains and stone or earth for storing extra
heat. People developed these ideas thousands of years ago which are being
called “passive cooling” in today’s terminology [1]. Passive cooling is
defined as “Passive cooling is a building design approach that focuses on
heat gain control and heat dissipation in a building in order to improve
indoor thermal comfort with low or none energy consumption. This
approach works either by preventing heat from entering the interior (heat
gain prevention) or by passively removing heat from the building (natural
cooling). Natural cooling utilizes on-site energy, available from the
natural environment, combined with the architectural design of building
components (e.g., building windows), rather than mechanical systems, to
dissipate heat.” [2] People are able to reduce the capital cost and operation
cost of the equipment and even eliminate the cooling energy by adopting
passive cooling [1].

Passive cooling can be implemented in a number of approaches
with different heat sinks (Figure 4.1): natural ventilation, double-skin
facade, night pre-cooling, earth cooling, and evaporative cooling. Proper
natural cooling design must rely on a detailed study of the local climate,
integrated building design strategies, and often advanced computational

Double skin fagade

Thermal storage:
e.g., phase change
material

Natural ventilation
.\

Earth cooling

Figure 4.1. Illustration of passive cooling techniques.
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analysis. A successful passive design is intrinsically integrated
with the architectural design making an integrated building design
process necessary. Natural ventilation is one of the most popular and
important passive cooling strategies that can be generally divided into
two categories: wind-driven natural ventilation and buoyancy-driven
natural ventilation. Wind-driven natural ventilation uses the air pressure
differential across the building, caused by wind, to drive ventilation air
through the building. This type of design is highly dependent upon the
external site weather conditions. Buoyancy-driven natural ventilation,
also called the stack effect, uses the principle of thermal stratification
in buildings to induce airflow through the building. This technique is
different from wind-driven natural ventilation in that it does not rely on
the ambient wind for motivating ventilation air. Buoyancy-driven flow is
typically used with atriums, clerestories, solar chimneys, and courtyards.

Night cooling and earth cooling are two other important and widely
used passive cooling techniques that use night-time cool ambient air and the
earth as heat sinks to remove the heat stored during the daytime. Evaporative
cooling is most appropriate in dry semi-arid to arid climates, and consists
of using the latent heat of evaporation of water to cool incoming air.
Evaporative cooling systems are used quite often in the Southwest United
States. It should be noted that passive cooling systems can be combined
with conventional mechanical ventilation technologies, for example, solar-
assisted ventilation systems. The adoption of passive systems can largely
reduce the size and energy use of active ventilation systems.

4.3 Overview of Passive Heating

Passive heating utilizes the solar and thermal energy to keep occupants’
comfort without the use of mechanical systems. Passive solar heating is
one of primary passive heating methods focusing on the effective use
of solar energy. When integrated properly, these passive strategies can
collectively contribute to the heating, cooling, and daylighting of nearly
any building. The types of buildings that benefit from the application of
passive heating may range from barracks to large maintenance facilities.

Typically, passive solar heating involves [3]:

*  Collection of solar energy through properly-oriented (e.g., south-
facing) glazing;

143



*  Storage of this energy in “thermal mass,” comprised of building
materials with high heat capacity such as concrete slabs, brick
walls, and tile floors;

* Distribution of the stored energy back to the living space, when
required, through the mechanisms of natural convection and radiation

Passive solar design is the act of designing a building envelope,
primarily the orientation and fenestration, to capture the solar to heat
a building. Some of the first examples of passive solar design were in
ancient Greece, 2500 years ago. Passive solar heating systems usually
have a low initial cost and short-term payback period, both of which are
common with many active solar heating systems. Passive solar heating
will bring user comfort a lot which is another benefit. If properly designed,
passive solar buildings are able to provide a delightful place to live and
work as well as contributing to increased satisfaction and user productivity
[3]. A variety of different passive solar techniques are currently used in
building design, including: direct gain systems, thermal storage walls, and
sunspaces (Figure 4.2).

Direct gain systems allow the direct solar radiation to strike surfaces
in a building. The heat from solar radiation is stored in these surfaces and
then released later during the day. The main disadvantage to this approach
is that the large amount of direct solar radiation in the living space can cause
UV deterioration and sun fading of fabrics and dyes, as well as causing
glare and thermal discomfort for the occupants. Thermal storage walls are
thus proposed that are typically located at the south facade of a building,

Direct gain system

Double skin fagcade

Trombe wall

Thermal storage: Sunspace

e.g., phase change
material

Figure 4.2. Illustration of passive heating techniques.
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which receive direct solar radiation and transfer the heat through the wall
by conduction at a delayed time step. The conducted heat is distributed to
the space by convection and radiation. This approach is a response to the
drawbacks of the direct gain system and can provide far greater comfort
in the room. Integrated design of these two systems can ensure that heat is
introduced to the space at the desired time of a day. Another direct heating
design with passive solar is the sunspace. While, a sunspace will generally
not provide all of the required heating, it can make a positive contribution.
Sunspaces have the added benefit of connecting the outdoor and indoor
environments, as well as providing additional livable space.

4.4 Prescreening Feasibility of Passive Cooling and Heating
Techniques

Passive cooling and heating techniques use natural resources to condition
building living spaces, and thus are highly sensitive to environmental
conditions. Similar design strategies may be applicable for one project but
the other, even at the same location under the same climate. Surrounding
buildings and environments (e.g., water body, terrain, landscaping, etc.)
will all play an important role in determining appropriate passive cooling
and heating strategies and techniques for a specific project. In addition,
due to the large variation (or instability) of climatic conditions with time,
passive techniques typically are difficult to maintain strictly specified indoor
environment conditions (e.g., temperature, humidity, acoustics, lighting
etc.) to the level that most mechanical systems can achieve. Buildings
with rigorous environmental control needs such as hospitals, clean-rooms,
laboratories may not be suitable for using passive cooling, heating and
ventilation techniques. Table 4.2 presents a check list to prescreen the
feasibility of using passive strategies for specific building projects. The
shaded blocks represent the feasibility of project environment conditions
(e.g., climate) and design conditions (e.g., function, indoor environment
quality need, and budget) for passive technique applications. Note that
“low” or “high” value of some conditions may be good for one passive
technique while unideal for another passive technique. As a result, multiple
appropriate values (low, medium, high) are selected for various possible
passive solutions for different heating, cooling and ventilation needs.

A host of computational tools are developed to assist the design of
passive cooled and heated buildings at different design stages. Simple
tools, such as Ecotect and Climate Consultant, can determine the viability
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Table 4.2. Prescreening Checklist for Feasibility of Using Passive Strategies.

Passive Cooling Passive Heating

Low |Medium| High | Low |Medium| High

Climate

Temperature

Relative
humidity

Solar

Precipitation

Micro-climate

Terrain

Landscape

Shadow

Air pollution

Noise

Indoor
Environment
Requirement

Thermal
comfort

Air quality

Lighting
quality

Acoustic
quality

Building
Function

Activity type/
intensity

Schedule
variation

Occupant age

Space
availability
for systems

Budget

First cost

Utility rate

Maintenance
cost

146



o, MULTIPLE PASSIVE DESIGN TECHNIQUES , ,

Figure 4.3. Potential savings of passive techniques used in Boulder, CO
estimated by Ecotect.

and potential saving of specific passive techniques by analyzing climate
data (Figure 4.3). This conclusion, however, does not consider specific
project features (e.g., orientation, geometry, indoor design criteria,
human activities etc.) and surrounding environment conditions (e.g.,
surrounding buildings, atmospheric quality etc.). Passive design is truly
case-dependent. Although rules-of-thumb can be found in literature
for various passive techniques and these rules are of great value for
preliminary design, an in-depth design and optimization of passive
cooling, heating and ventilation techniques requires advanced simulation
tools to quantify and compare the performance of different solutions. It
is important, however, to note that advanced models are only as accurate
as the inputs, which can be difficult in the case of passive designs with
many unknowns or uncertainties. For example, weather data that most
simulation programs require may not account for the local climatic
variations (e.g., wind speed and direction). A proper passive design will
only occur through a detailed analysis of microclimate, site conditions,
and building design.

4.5 Natural Ventilation

4.5.1 Principle

With an increased awareness of human comfort and the environmental
impacts of energy use, natural ventilation has become an attractive
approach for reducing energy use and for providing acceptable indoor
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environmental quality. It plays an important role in maintaining a healthy,
comfortable, and productive indoor climate rather than the more prevailing
approach of using mechanical ventilation [4].

Natural ventilation is the process of supplying and removing air through
an indoor space by natural means, that is, without the use of a fan or other
mechanical system [5]. Air is driven by pressure differences between the
building and its surroundings or among different building zones. Natural
wind and buoyancy effect caused by temperature difference and humidity
difference are the two main reasons causing pressure differences. The
amount of ventilation depends on the size and placement of openings in the
building. Transom windows, louvers, grills, or open plans are techniques
to complete the airflow circuit through a building. Smoke and fire transfer
requirements challenge the designer when designing a natural ventilation
system.

4.5.2  Performance

4.5.2.1 Energy Consumption

There are many researches focusing on the energy usage reduction
by taking advantage of natural ventilation. In favorable climates and
buildings types, natural ventilation can be used as an alternative to air-
conditioning systems, saving 10% to 30% of total energy consumption.
A 30% reduction of the cooling energy consumption and 40% reduction
of the installed cooling capacity were predicted for a UK low-energy
office building with a night stack ventilation air exchange of 10 per
hour [6]. 40% reduction of the daily cooling demand was simulated for
a high thermal mass office building in Belgium [7]. Night ventilation
air changes of 8 per hour can reduce cooling requirements by 12% to
54%, depending on the temperature set-point [8]. The primary energy
consumption of naturally ventilated office buildings in Denmark was
compared with mechanical ventilation systems. The naturally ventilated
buildings consumed 40 kWh/m2 per year, whereas the mechanical
systems consumption varied from 50 kWh/m? per year (VAV system)
to 90 kWh/m? per year (CAV). The primary energy conservation for
naturally ventilated office buildings in Belgium was calculated to be
8 kWh/m? per year [9]. Studies conducted for the 23 story Liberty
Tower of Meiji University in Tokyo showed that about 17% of energy
consumption for cooling is saved by using the natural ventilation
system [10].
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4.5.2.2 Thermal Comfort and Health

Besides offering benefits of energy usage reductions, many research
and field experiments have shown that the occupants’ thermal response
in naturally ventilated spaces depend in part on the outdoor climate
and may differ from thermal responses in buildings with centralized
HVAC systems because of different thermal experiences, changes in
clothing, availability of control and shifts in occupant expectations. The
acceptable thermal comfort range for naturally ventilated buildings is
significantly larger than for buildings with standard mechanical HVAC
systems. According to this, ASHRAE Standard 55 has been revised to
include an adaptive thermal comfort standard specifically for naturally
ventilated buildings, which allows for increasing indoor temperatures
as outdoor temperature increases. Figure 4.4 is the acceptable operative
temperature ranges for naturally conditioned spaces from ASHARE
Standard 55-2010 “Thermal Environmental Conditions for Human
Occupancy” [11]. This adaptive model relates acceptable indoor
operative temperature ranges to mean monthly outdoor temperature
(defined as arithmetic average of mean monthly minimum and maximum
air temperature). This information can be found easily by examining
readily available climate data. Natural ventilation systems have been
shown to consistently outperform mechanical systems with respect to
complaints of Sick Building Syndrome and its associated symptoms.
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Figure 4.4. Comfort zone in naturally ventilated spaces [11].
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Sepannen and Fisk [12] in a review of 18 different studies on SBS and
ventilation systems, found that prevalence of SBS symptoms was 30%
to 200% higher in air conditioned buildings as compared to naturally
ventilated ones.

4.5.3 Design Considerations

Natural ventilation can be divided into: wind driven vs buoyancy
driven (stack) natural ventilation according to driving forces; cross vs
single-sided natural ventilation according to opening settings. Figure
4.5 illustrates the rule of thumb for the space depths penetrable by
cross and single-sided ventilation. This rule of thumb indeed matches
the prescriptive requirements for natural ventilation in ASHRAE 62.1
standard “Ventilation for Acceptable Indoor Air Quality” [13]. ASHRAE
62.1 further requires the openable area of wall openings directly to the
outdoors is a minimum of 4% of the net occupiable floor area being
naturally ventilated.

Wind-driven natural ventilation: when wind blows across a building,
the wind hits the windward wall causing a direct positive pressure and
after the wind moves around the building and leaves the leeward wall it
leaves a negative pressure (Figure 4.6). If there are any openings on the
windward and leeward walls of the building at the same time, fresh air
will rush in the windward wall opening and exit the leeward wall opening.
Thus the pressures on the windward and leeward walls can be balanced
[5]. In summer and/or shoulder seasons when outdoor air temperature is
appropriate, wind can be used to remove indoor heat and provide fresh
air; while in winter, ventilation is normally reduced to the level that is
sufficient to remove excess moisture and pollutants.
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Figure 4.5. Rule of thumb for the maximum space depths for cross and
single-sided.
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Figure 4.6. Diagram of wind driven ventilation [5].

The air volume flow rate induced by wind can be calculated via:
Quing = KXAXV (4.1

where Q. , is the volume of airflow (m*h); A is the area of smaller
opening (m?); V is the outdoor wind speed (m/h); K is the coefficient of
effectiveness. The coefficient of effectiveness depends on the angle of the
wind and the relative size of entry and exit openings. It ranges from about
0.4 for wind hitting an opening at a 45-degrees angle of incidence to 0.8
for wind hitting directly at a 90-degrees angle.

Buoyancy driven natural ventilation: both temperature gradient
(known as stack ventilation) and humidity disparity (known as cool tower)
can induce airflow, due to the air density difference caused by temperature
and humidity. Stack ventilation is the most commonly used ventilation
strategy when outdoor wind is not sufficient. In stack ventilation, the
temperature difference between warm air inside the building and cool air
outside can move the air in the building to rise and exit at upper openings,
while air is supplemented from outside via lower openings.

The airflow rate induced by the stack effect can be estimated as:
Qqack = C*A*[2gh(T, - TO)/Ti]”2 4.2)
where Q. 1s the volume of ventilation rate (m?/s); C, is the discharge
coefficient (e.g., 0.65); A is the net area of inlet opening (m?), which
equals area of outlet opening; g is the acceleration due to gravity

(9.8 m/s?); h is the vertical distance between inlet and outlet midpoints
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(m); T, = average temperature of indoor air (K); T, = average temperature
of outdoor air (K).

Similarly, buoyancy caused by differences in humidity can allow a
pressurized column of wet and cool air to naturally enter a space and repel
the dry and warm indoor air from the top. Cool tower ventilation is most
effective where outdoor humidity is low and evaporation can be directly
applied. Prediction of airflow rate induced by humidity difference can be
somewhat involved. The following equation (3) for estimating the airflow
rate in humidity-based ventilation is based on the expression developed by
Thompson, with the coefficient from the data measured at Zion National
Park Visitor Center that has a cool tower of 7.4 m tall, 2.4 m? cross section,
and a 3.1 m? opening [4].

Qcool tower 0.49 * A* [2gh (Tdb - wa)/Tdb]l/2 (4.3)
where Q| wer 1S VOlume of ventilation rate (m?/s); 0.49 is an empirical
coefficient calculated with data from Zion Visitor Center, UT, which
includes humidity density correction, friction effects, and evaporative pad
effectiveness; A is the free area of inlet opening (m?), which equals area of
outlet opening; g is the acceleration due to gravity (9.8 m/s?); h is the vertical
distance between inlet and outlet midpoints (m); T, = dry bulb temperature
of outdoor air (K); T, = wet bulb temperature of outdoor air (K).

In design practice, stack ventilation and cool tower can be combined
by having a cool tower deliver evaporative air to a space, and then relying
on the increased buoyancy of the warm air to exhaust heat through upper
stacks. In the design of a naturally ventilated building, climate conditions,
location topography and vegetation, and surrounding objects all need be
carefully evaluated. Wind data collected at local airports may not tell
much about microclimates that can be heavily altered by natural and man-
made obstructions around the building site. Window openings should be
accessible and operable by the occupants. A naturally ventilated structure
often includes an articulated plan and large window and door openings,
while an artificially conditioned building is sometimes best served by a
compact plan with sealed windows.

When designing wind driven natural ventilation, several important
factors need be considered during design process.

1. Building orientation is the most important factor that determines
how much air can flow through a building. Generally, building
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should be oriented so that the windward wall is perpendicular to
the summer wind to maximize the ventilation.

Building shape is one crucial factor to capture wind and bring
ventilation to a building. Good building shape design can create
proper wind pressures around the building that can effectively
drive the air flow through the openings of the building. Naturally
ventilated buildings should not be too deep as it will be difficult
to distribute fresh air to all portions of the building. It is
important to avoid obstructions between the windward inlets and
leeward exhaust openings. Avoid partitions in a space oriented
perpendicular to the airflow. Buildings that rely on natural
ventilation often have an articulated open floor plan.

Window typology and operation are critical to enhance and
balance air-conditioning needs. Proper window design can
achieve the same amount of ventilation but with less openings
(and thus costs). When wind flow does not ideally prevails
perpendicular to a building wall, optimal location, type and
opening direction of windows can act as a scoop to direct the
wind into the space.

When designing buoyancy driven natural ventilation, the use and
creation of indoor-outdoor temperature difference (indoors be warmer
than outdoors) is the critical factor. Several design hints are:

N

a

Design low inlets and high outlets;

Increase vertical distance between inlets and outlets;

Use skylights or ridge vents as exhaust;

Provide adequate up-flow channel (e.g., atrium);

Use solar chimney to increase indoor-outdoor temperature
gradient;

Do not compromise the function as fire exits of enclosed
staircases.

Natural ventilation are typically supplemented with mechanical venti-
lation, due to the variation and unreliability of climate and stack effect,
called hybrid ventilation. Hybrid ventilation allows a building to capitalize
on the benefits of natural ventilation, with insurance that the building
can operate at a desirable thermal comfort level during extreme outdoor
conditions. Thus hybrid ventilation can be implemented in a wider range
of climates, where purely natural ventilation is insufficient to provide all
the cooling needs of a space. Other methods to enhance natural ventilation
performance include solar chimneys and wind towers. A solar chimney
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may be an effective solution where prevailing breezes are not dependable
enough to rely on wind-induced ventilation and where keeping indoor
temperature sufficiently above outdoor temperature to drive buoyant flow
would be unacceptably warm. The chimney is isolated from the occupied
space and can be heated as much as possible by the sun or other means.
Air is simply exhausted out the top of the chimney creating suction at
the bottom which is used to extract stale air. Wind towers, often topped
with fabric sails that direct wind into the building, are a common feature
in historic Arabic architecture. The incoming air is often routed past a
fountain to achieve evaporative cooling as well as ventilation. At night, the
process is reversed and the wind tower acts as a chimney to vent room air.
More design strategies and parameters for natural ventilation can be found
in AM10 Natural Ventilation in Non-Domestic Buildings [14].

4.6 Night Cooling with Thermal Mass

4.6.1 Principle

Night cooling with thermal mass is an effective application of natural
(and hybrid) ventilation strategy, especially for areas with dramatic diurnal
temperature swings. Night cooling method ventilates a building during the
cool night and remove heat stored in building structural elements (e.g., walls
and floors) during the day. Thermal mass is importantly necessary for this
approach to store heat (from solar, outdoors, internal heats) and release them
at a later time when outside is cool and ventilation (opening) is on either
by a passive approach or by the use of mechanical ventilation system. The
thermal mass of the building is cooled mainly by convection during the
night, and then the cooled/discharged mass can act as a heat sink and reduce
the rate of indoor temperature rise at the following day. Night cooling can
affect internal conditions during the day in several aspects, such as reducing
the peak air temperatures, reducing air temperature throughout the day
especially during morning hours. It can also flatten diurnal air temperature
swing. The energy impact of this technique can cause a reduction in the
cooling load both in air-conditioned buildings and those naturally ventilated.

4.6.2 Performance

Setting controls for night cooling can save a significant amount of
energy, depending on location. Studies indicate cost savings range from
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5% in Phoenix, Arizona, to 18% in Denver, Colorado, for a typical office
building. Night precooling also reduces peak demand. Simulation analyses
show that precooling a 100,000 ft* three-story building in Sacramento,
California, would reduce energy use by 12.6% and cause a peak demand
reduction of 31.3%. Most of the studies conclude that the use of night
ventilation in free floating buildings may decrease the next day peak
indoor temperature up to 3K. Research on night cooling applications for
residential buildings shows that night ventilation may decrease the cooling
load up to 40kWh/m?/year with an average contribution close to 12kWh/
m?/year [15].

Given that the free energy offered by night ventilation techniques
increases as a function of the initial cooling needs of the buildings,
those with high cooling loads benefit much higher absolute contribution
than buildings presenting a low cooling demand. By investigating the
correlation between the cooling needs of buildings and the energy
contributions of night ventilation, researchers found the correlation is
almost linear. In parallel, the uncertainty associated to the evaluation of
the energy contribution of night ventilation decreases seriously for higher
air flow rates. Given the dissimilarity of the energy amount stored in
buildings and the variability of the night ventilation capability for each
individual building the percentage energy contribution of night ventilation
is independent of the initial cooling load of buildings.

4.6.3 Design Considerations

Night cooling with thermal mass is most appropriate and effective for
climates with large diurnal air temperature range, where the cool night air
can be used to remove the heat accumulated and stored during the hot day
in the building mass. For a high-mass, well-insulated and shaded building,
closed during the daytime and ventilated only during the night, a drop
of the indoor maximum below the outdoor maximum of about 45% to
55% of the outdoor range is possible. At night the indoor temperatures are
higher than outdoors. Figure 4.7 shows the climatic boundaries, in terms
of the outdoor maximum daily temperatures, under which night cooling is
applicable.

Generally, night cooling is very efficient in arid and desert regions
where the maximum temperature is below about 36°C. In desert regions

with daytime temperatures above 36°C, night ventilation alone would not
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Figure 4.7. Climate boundaries for using night cooling technique [16].

maintain the indoor daytime temperature at an acceptable level and other
passive cooling systems should be applied during the hot hours, such as
evaporative cooling or compression or absorption air-conditioning. But
even in this case the application of night ventilation can significantly reduce
the length of the periods and duration of the time when the additional
cooling systems will be used.

In reviewing the distribution of temperature ranges of many regions in
the world, Givoni [17] found a quantitative relationship between the vapor
pressure (vp) and the diurnal ranges (TSWing (K)):

(K)=26-0.83 * (vp) (mm Hg) (4.4)

Tswing

He gave some examples in his paper that in a very dry desert with
a summer vapor pressure of about 7 to 8 mm Hg, the expected diurnal
temperature range would be about 20 K, and in arid regions with a vapor
pressure of about 12 mm Hg the expected range would be about 16 K,
while in a humid region with vapor pressure of 22 mm Hg the expected
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range would be only about 8 K. It should be noted, however, that this
is only a statistical relationship and in any given location the actual
temperature range should be taken into account. As a general principle
it can be estimated that in arid and desert regions, with a summer diurnal
temperature range of 15 to 20°K, the expected reduction of the indoor
maximum temperature can be about 6 to 8°K below the outdoor maximum.
On very hot days, which usually have a larger diurnal range, the drop of
the indoor temperature, during the time of the outdoor maximum, may be
up to about 10°K [16].

Thermal mass is an inevitable element in night cooling design which
indeed determines the performance of night ventilation. A building can
maintain daytime temperatures lower than the outdoor level only when
it has sufficient thermal mass and thermal resistance, and is protected
from absorbed and penetrating solar radiation. In such a building the
diurnal temperature swing is very small, about 10% to 20% of the
outdoor temperature range. High thermal mass and materials with high
thermal resistance are recommended along with the application of this
technique.

Night cooling won’t work without proper control and operation
strategies. In principle, a building should be cooled down 1 to 2°K during
the night below the lowest comfort level that can be accepted during the
daytime. If this is not accomplished, and it is controlled at the same comfort
level as applied during the daytime then the benefits of night cooling will
be disappointing. To get effective night cooling it should be cooled down
deliberately to lower temperatures.

It should be noted that the acceptable temperature range is reduced
with higher humidity, reflecting the corresponding decrease of the outdoor
range with higher humidity. Increasing the indoor air speed by internal
fans can extend the indoor comfort range, without elevating the indoor
temperature. It is also possible to use air handler and economizer to flush
the building with night air to cooling down the building mass. In general,
the use of mechanical-ventilation systems resolves a number of problems
associated with natural systems. They require much smaller openings, can
be easier to control and provide sound absorption and security. However,
they consume electricity and heat the air (systems can have fan gains of
up to 2°C). Therefore, careful monitoring is required when used for night
ventilation.
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4.7 Direct/Indirect Evaporative Cooling

4.7.1 Principle

Evaporative cooling is an effective, economical, environmentally
friendly, and healthy cooling approach that is widely used in residential and
commercial buildings. Evaporative cooling is different from traditional air
conditioning systems that use vapor-compression or absorption refrigeration
cycles with chemical refrigerant. Instead, it uses water as the working fluid
and provide excellent cooling by employing water’s large enthalpy of
vaporization. The temperature of dry air can be reduced significantly by
passing through water. Evaporative cooling has the additional attractiveness
of low energy consumption, easy maintenance, installation and operation.
Evaporative cooling is commonly used in cooling water towers, air washes,
evaporative condensers, fluid cooling and also to soothe the temperature in
places where several heat sources are present [18].

There are basically two types of evaporative cooling, direct evaporative
cooling (DEC) and indirect evaporative cooling (IEC). The combination of
DEC and IEC technique is also very popular in the practical applications.
In direct evaporative cooling, water evaporates directly into the air thus
brings down the dry-bulb air temperature as well as adding the moisture to
the airstream until the air is close to saturation. Therefore, the ideal status
of air after a direct evaporative cooler is that the dry-bulb temperature can
reach the wet-bulb temperature and the humidity of air may come close to
100%. The air can be cooled either by direct contact with a liquid surface
or a wet solid surface or else with the use of spray systems. Indirect
evaporative cooling removes the heat from the primary air by crossing the
secondary airstream in a heat exchanger. The secondary air is cooled by
water in either direct approach or indirect approach. In the direct approach,
the secondary airstream passes through a cooling tower and circulates
through one side of the heat exchanger. While for the indirect approach,
the secondary air which is always the return air from the rooms can be
wetted directly and removes the heat from the conditioned supply air on
the dry side in an air-to-air heat exchanger. IEC does not add moisture to
the primary air, but both of the dry bulb and web bulb air temperatures
of the primary air are reduced. IEC is much flexible in the application
than DEC, as it is also applicable even in the climate with high web-bulb
temperature. In practice, combination of IEC and DEC is becoming more
and more popular and proved to be an efficient passive cooling strategy,
which is also called two-phase cooling. The primary air is sensibly cooled
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Figure 4.8. Sketch of an indirect-direct evaporative cooling system [19].

first by IEC in phase one and then cooled by directly adding the moisture
to the main air stream in phase two which is DEC (Figure 4.8).

4.7.2  Performance

The effectiveness of an evaporative cooling is defined as the rate
between the real decrease of dry bulb temperature and the maximum
theoretical decrease that dry bulb temperature could have if the cooling
were 100% efficient. In DEC, saturation will be a key factor in determining
evaporative cooler performance. The theoretical temperature that the air
can reach is the web bulb temperature of the entering air. Therefore, the
direct saturation efficiency can be expressed as

h—n
n—t

€. =100 (4.5)
where

g, = direct evaporative cooling saturation efficiency, %

t, = dry-bulb temperature of entering air, °F

t, = dry-bulb temperature of leaving air, °F

t:= thermodynamic wet-bulb temperature of entering air, °F

In IEC, the effectiveness of the heat exchanger is important. The
performance is defined as web-bulb depression efficiency (WBDE) as follows:

wBDE =1001~12) (4.6)
(tl _ts)
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Figure 4.9. The performance charts of direct and indirect evaporative cooling
[20].

where

WBDE = wet-bulb depression efficiency, %

t, = dry-bulb temperature of entering primary air, °F
t, = dry-bulb temperature of leaving primary air, °F

1. = wet-bulb temperature of entering secondary air, °F

The performance charts of direct and indirect evaporative cooling are
shown in Figure 4.9.

4.7.3 Design Considerations

Evaporative cooling varies in applicability and efficiency with the
relative humidity of the outside air. It is much suitable in the dry climate.
This constraint should be especially paid attention to when using DEC,
as the performance is directly determined by the web-bulb temperature
of the air. IEC can be somehow flexible to the climate. The following
three climate types are mostly suitable for the application of evaporative
cooling:

*  Desert: comfort during the entire cooling season

»  Steppe: comfort during the dry period of the hot season and moderate
relief cooling during more humid periods

* Savanna: only relief cooling during the hot season
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The most commonly used evaporative cooling equipment or units are
packaged direct evaporative air coolers, air washers, indirect evaporative
air coolers, evaporative condensers, vacuum cooling apparatus and
cooling towers exchange sensible heat for latent heat. The details of
these equipment or units can be referred to ASHRAE Handbook—HVAC
application [21].

Air passing through a direct evaporative cooler’s wetted media is free
of pollutants, minerals and bacteria. A properly designed system, operating
within the recommended face velocities, will not have water carryover.
For example, the maximum face velocity for a rigid-type media is about
700 fpm while the systems are often designed for around 500 fpm. The
primary air passing through an indirect evaporative cooler will not take
any additional moisture. Besides acting as a scrubber for removing water-
soluble gases, the wetted media has some particulate removal capability.
That capability depends on media type and thickness. A 12 in. rigid media
has an ASHRAE Standard 52 dust spot efficiency of about 16%, which is
equivalent to a fiber furnace filter. Water added in the evaporative systems
also acts as an air washer by cleaning the inlet air stream of airborne
particulates and soluble gases, which could be a significant benefit to
downstream filter elements. Studies show that evaporative cooling also
reduces NO,, emissions because of the increase in moisture added to the
air.

Evaporative cooler makeup water are recommended to be supplied
from a drinking water quality source. Untreated surface water sources
should be avoided due to the risk of a high concentration of nutrients and
other pollutants. Two criteria for evaporative coolers are 500 mg/L of TDS
and a pH in the range of 6.5 to 8.5. By using drinking quality water for
makeup, the outside air to be conditioned will be the most likely source
of nutrients. Depending on efficiency, upstream filtration can significantly
reduce the concentration of these potential nutrients. A water bleed,
required for scale control, also will keep nutrients that might penetrate
upstream filtration from concentrating in the recirculating water. Besides
moisture and nutrients, algae need light to grow. Evaporative coolers
that have the wetted media attached or in close proximity to inlet louvers
can be particularly susceptible to algae. Providing a barrier of shade
cloth or awnings will inhibit algae growth. Prevention of legionellosis
is a health and safety concern for owners and operators of facilities and
those who manage water-based evaporative cooling systems. ASHRAE
188: Prevention of Legionellosis Associated with Building Water Systems
should be used for compliance.
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Evaporative cooling is not considered or recognized as a viable
humidification technology. Yet, there are quality and economic advantages
when compared with other options such as steam injection, infrared,
air injection (atomizing), or ultrasonic. Maintenance and equipment
costs are moderate compared to the other four. In a 100% outside air-
makeup system, the thermal energy cost to humidify is essentially equal
for all technologies. However, when humidification by wetted media is
incorporated in an economizer system using a mixture of outside and
return air, the energy content of the return air provides a significant portion
and sometimes all of the energy to humidify.

The operating costs for evaporative condensers are normally less than
a cooling tower designed to dissipate the same heat load because the air
flow for evaporative condensers will be about equal for equivalent service
and the recirculating water pumping cost will usually be less. The fan
static pressure for the evaporative cooler will usually be between 0.2 in.
and 0.8 in. of water which is also true for the cooling tower. Comparison
of brake horsepower requirements for equivalent service indicate that the
evaporative cooler will generally be equal to or lower than the cooling
tower. The rate of recirculating water in an evaporative cooler is less
than half of the recirculating rate required for a cooling tower exchanger
combination designed for equivalent service.

Maintenance requirements for evaporative coolers are comparable
with shell and tube heat exchangers. If proper fouling resistances are used
to determine the cooling surface, the frequency of cleaning can be reduced
to practically any level desired. Even cleaning of the outside tube surface
can be accomplished either chemically or mechanically without shutting
down the unit.

4.8 Trombe Wall

4.8.1 Principle

Thick adobe or stone walls can absorb and store sun heat during the
day and release it slowly and evenly at night to heat building inside. The
performance of this thermal storage wall can be largely improved by
attaching a layer of glazing outside the wall — an enhanced method for
passive heating. Named after French inventor Felix Trombe in the late
1950s, this energy storage Trombe wall generally is a very thick, solar
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Figure 4.10. Trombe wall design and operation.

facing wall, typically painted in dark and made of material with large
density and specific heat (for energy storage). A pane of glass or plastic
glazing, installed a few inches in front of the wall, helps hold in the heat.
The wall heats up slowly during the day and cools gradually during the
night, transferring heat to the inside at a delayed time. Tromble wall
takes advantage of the unique transmittance properties of regular glass
at different radiation wavelengths: transmit most solar energy at low
wavelength but block most thermal energy at high wavelength. As the
result, the transmitted solar energy is trapped in the cavity between the
glazing and the wall, gradually transporting into the indoor space via
the storage wall. Trombe wall is a very useful passive heating system,
particularly for buildings with large heating loads and for building
retrofit. They require little or no effort to operate, and are ideal for
spaces where silence and privacy are desirable. They are often easily
built from readily available materials and very reliable. Rooms heated by
a Trombe wall often feel more comfortable than those heated by forced-
air systems, even at lower air temperatures, because of the radiantly
warm surface of the wall. A successful Trombe wall with properly design
window systems can optimize heat gain and minimize heat loss during
cold time, and avoids excess heat gain in hot time (Figure 4.10) [22].

4.8.2 Performance

Trombe wall performance varies mostly with wall materials. For an
8-in-thick (20-cm) concrete wall, heat may take about 8 hours to reach the
interior of the building. This implies that rooms receive slow heating for
many hours after the sun sets, greatly reducing the need for conventional
heating (during no-sun period). The performance of Trombe walls is
diminished if the wall interior is not directly open to the interior zones.
Based on previous experience with Trombe walls, the heat delivered by
a Trombe wall in a residence was reduced by over 40% because kitchen
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cabinets were placed on the interior of the wall [23]. National Renewable
Energy Lab of US monitored and analyzed the energy performance of
the Trombe wall in a visitor center over a two year period. The analysis
consisted of measured electrical end uses, Trombe wall temperature
profiles, and thermographic pictures to determine the performance of the
Trombe wall. They found the thermal distribution of the Trombe wall at
8:30 p.m. on December 16, 2000 is generally homogeneous, with internal
wall surface temperature ranging from 90°F to 96°F (32°C to 36°C). The
wall temperature typically peaks between 8 and 9 p.m. The Visitor Center
electric radiant heating system used 22,680 kWh (81.6 GJ) over the year,
with the Trombe wall contributing 20% of the total heating to the building.
The Trombe wall imposed a heating load on the building for only two of
the 151 days of the 2001 to 2002 heating season. For the other 149 heating
days, the wall was a net positive. The peak heat flux through the wall was
11.2 W/t? (89 W/m?), or 8.3 kW over the entire Trombe wall area. The
average efficiency of the wall (defined as the heat delivered to the building
divided by the total solar radiation incident on the exterior of the wall)
was 13%.

4.8.3 Design Considerations

Trombe walls are particularly well-suited to sunny climates that have
high diurnal (day-night) temperature swings, such as the mountain-west.
They do not work well in either cloudy climates or where there isn’t a large
diurnal temperature swing. For instance in New Mexico, where homes
have been built out of adobe (dried mud) bricks for hundreds of years,
even an unglazed south wall will deliver some heat into the house — if one
add a frame and layer of glazing on the outside of the wall the performance
improves dramatically.

A typical unvented Trombe wall consists of a 4- to 16-in. (10 to 41 cm)
thick, solar-facing masonry wall with a dark, heat-absorbing material on the
exterior surface and faced with a single or double layer of glass. The glass is
placed from % to 2 in. (2 to 5 cm) from the masonry wall to create a small
airspace. Heat from sunlight passing through the glass is absorbed by the
dark surface, stored in the wall, and conducted slowly inward through the
masonry. High transmission glass maximizes solar gains to the masonry wall.
As an architectural detail, patterned glass can limit the exterior visibility of the
dark concrete wall without sacrificing transmissivity. Using low-E glazing
can prevent heat from re-radiating out through the glass of a Trombe wall
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and greatly reduce the amount of heat lost. Applying a spectrally selective
surface or low-E coating to the wall itself can also improve performance by
reducing the amount of infrared energy radiated towards the glass.

Trombe walls typically do not have additional insulation. The system
works with material that is both very heavy (high heat capacity) and fairly
conductive (low R-value per inch). The hint is to choose the right material
and size the wall thickness so that the solar heat penetrates through it to
the inner surface by a desired later time. In general 6 to 10 in. is good
for adobe wall, whereas 10 to 16 in. may be needed for concrete or brick
wall. Water may also be used as the thermal storage medium but it usually
requires a container (e.g., tube). When water tank is used, 8 or more inches
of thickness is often suggested.

To avoid overheating at hot times of day or hot seasons of the year,
Trombe walls may be used in conjunction with overhangs, eaves, and
other building design elements to evenly balance solar heat delivery. An
overhang is typically built that extends out over the Trombe wall above it.
This will shade the wall from direct sun during the summer, but allow full
solar exposure in the winter.

Top and bottom vents can be installed through the masonry wall to
deliver more heat into the house during the daytime hours. Warm air in
the space between the glazing and wall surface rises and enters the room,
being replaced by air from the house entering through the lower vents in
a convective loop. These vents should be closed at night so that the air
circulation doesn’t reverse, with air next to the glazing cooling off and
pulling in warm air from the room through the upper vents and delivering
chilled air to the room through lower vents. Vents through the glazing
can also be installed and seasonally opened and closed. In the summer
months — when one don’t need the Trombe wall to deliver heat into the
house — these vents are left open. Screens on the vents keep out insects and
other unwanted visitors.

4.9 Sunspace

4.9.1 Principle

Sunspace is one popular passive solar system, due to its potential
as an energy collecting system and its multiple functions and pleasant
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Figure 4.11. Sunspace design and operation.

appearance. Sunspaces represent additional space (and thus value) with
positive architectural qualities. Sunspaces, as a retrofitting technique
produced by glazing in balconies or as newly built extensions, can be
one of the most useful techniques to store solar energy and therefore
extensively used.

The main principle of south-facing sunspaces and conservatories is
similar to the Trombe wall but with a large and functional air “cavity”. The
greenhouse effect of glass allows solar beam penetrate through the external
glazing but keep the heat inside. Part of the heat is stored in the thermal
storage media (e.g., wall and floor), which will be redistributed back to the
space at a later time (e.g., at night). Part of the heat can be directly carried
into the space via the air convection through the vent openings at the wall
when heating is needed immediately (Figure 4.11) [24].

4.9.2  Performance

Sunspace generally is less efficient in collecting solar heat than
direct solar gain via windows and Tromble walls, mostly due to the
stronger convection and radiation heat loss in larger air space between the
glazing and the wall. Increase thermal resistance of sunspace glazing by
using multi-pane glasses (either air-filled or inert gas filled) can reduce
the heat loss although it does slightly decrease the solar transmittance.

Good orientation of a sunspace is critical. Ideally, sunspace should
face due south, but 30 degrees east or west of due south will provide
about 90% of the maximum static solar collection potential. The optimum
orientation will depend on site-specific and local landscape features.
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Research compared the performance of sunspace with south, north, east,
and west orientations in the cold period of a year, and found orientation
alteration from north to south can improve the results almost up to 7°C
[25, 26].

4.9.3 Design Considerations

Sunspace performance heavily depends on climate conditions and
system designs. In southern latitudes, passive solar design can provide
space heating in winter, but overheating problems in summer should be
overcome by using effective solar control and passive cooling systems,
such as night ventilation and earth-to-air heat exchangers. In temperate
and northern climates, although the conditions are more favorable, it
may still need pay attention to the climate variations by using effective
shading devices, ventilation and sufficient thermal insulation to ensure
a comfortable built environment. In very cold climates, double glazing
is needed to reduce heat losses through the glass to the outside. For all
climates except those with very cool summers, operable or mechanized
windows should be considered at top and bottom. These allow the sunspace
to avoid overheating by passively venting hot air out the top of the glazing
and pulling cool air in through the bottom of the glazing.

Angle and type of sunspace window glazing determine the performance
of sunspace. Although tilted glazing collects more heat in winter, it also
loses more heat at night and may be covered with snow in winter, as well
as causing overheating in warmer weather. Vertical glazing is commonly
used that maximizes heat gain in winter when the solar angle is low and
heat is needed most. It is also easy to shade and produces less heat gain in
summer. Compared with tilted glazing, vertical glazing is less expensive,
easier to install and insulate, and not as prone to leaking, fogging, breaking,
and other glazing failures. Vertical glazing is also often more aesthetically
compatible with the retrofit of existing homes. Glazing sometime is also
implemented on the common wall that separates the sunspace from the
indoors, allowing daylighting to the indoor spaces. Movable insulation is
usually desired, especially at night at cold climates, to reduce the heat loss
from the inside to the sunspace.

Massive materials (e.g., masonry or concrete) are required to flatten
temperature swing and store energy for a later use. Wall and floor are
typically the best locations for thermal mass which have direct exposures
to the solar. In general, for insulated and uninsulated masonry common
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walls, the suggested wall thicknesses are, 8 to 12 in. and 4 to 6 in.,
respectively. If water is used as thermal storage, the rule of the thumb is
2 gallons of water for each square foot of glazing.

Operable vents are often designed at the top of sunspaces where
temperature is the highest and at the bottom where temperature is the
lowest. The vents can circulate air between sunspace and indoors, or
directly exhaust hot air to outsides. They can be operated manually or with
thermostatically controlled motors. Mechanical fans (e.g., ceiling fan) can
be used to accelerate the air circulation to the entire house when natural
convection is not adequate [27].

4.10 Double Skin Facade

4.10.1 Principle

Modern architecture is dominated by transparent buildings. The large
glazed areas result in high building heating and cooling loads, leading to
high levels of energy consumption and therefore significant financial and
environmental burdens. The double skin facade (DSF) is one potential
response to these problems. Compared to a single-skin fagade, a DSF
consists of an external glazing offset from an internal glazing integrated
into a curtain wall, often with a controllable shading system located in the
cavity between the two glazing systems. Typically, the external glazing is
a single layer of heat-strengthened safety or laminated safety glass, while
the interior layer consists of single- or double-pane glass with or without
operable windows.

Air can flow through the cavity via natural or mechanical ventilation
and is used to help moderate building thermal loads. Most commonly,
outdoor air flows into the bottom of the cavity and exhausts from
the top of the cavity outdoors. During the cooling season, throttling
flaps at the inlet and outlet of the cavity remain open to allow airflow
through the cavity to exhaust heat that builds up in the cavity. If the DSF
includes dynamic sun shades in the cavity, they are usually deployed
during the cooling season. Consequently, instead of heating the building
interior, the solar radiation heats the air in the cavity, causing the air to
buoyantly rise out of the cavity. Thus, the DSF reduces the heat gain
of the building. Because the buoyancy of the heated air increases with
cavity height, DSFs are typically used in multistory buildings on one
or more sides of the building that receive appreciable sun. In addition,

168



when combined with operable windows that open into the air cavity, a
DSF can provide natural ventilation to cool spaces adjacent to the DSF
without (or with much lower levels of) mechanical cooling when the
outdoor air enthalpy is less than the indoor air enthalpy. During heating
season, the DSF cavity inlet and outlet vents close to prevent airflow,
trapping solar gains in the cavity and reducing daytime heat losses
through the fagade. In addition, the sunshades remain open during the
day to allow more solar radiation to enter the building and are closed at
night to retain heat (i.e., the reverse of the operational scheme during
cooling season).

4.10.2 Performance

A good deal of research has been done one the thermal performance
of DSF. Generally, it is believed that DSF can achieve better energy
performance than a single-skin fagade. This is due to (1) additional thermal
buffer zone/layer created between inside and outside; (2) proper airflow
controls depending on indoor and outdoor conditions. However, the actual
performance of DSF buildings vary significantly with building type, scale,
and location.

The following validated formulae provide quick estimate on the most
important parameters for predicting energy performance of DSF buildings.

1. The airflow rate as a function of opening size and h/d ratio for a
single story high cavity with a roller shading device for buoyancy-driven
airflow DSF:

V =(=6.2%h/d+647.5) A opening VAT Average (4.7)

For a five-story (15 m) high cavity:

V =1375 >kAopening v AT Average (48)

where h/d is the cavity height/depth ratio; AOpenin . is the area in m? of one
opening for cavities with two equal size openings, or the smaller of two
openings for cavities with different size openings; AT is the average cavity
temperature minus outdoor air temperature in °C; and V is the airflow rate
through the cavity in m3/hr. Note that AOpening is the equivalent opening
area that has the same resistance performance as a physical opening.
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2. The peak cavity air temperature to the average cavity air temperature:

)0.78

TPeakCavityAir-l -Story 2.43 (TAverageCavityAir (49)

) (4.10)

TPeakCaVityAir—S—Stories =3.68 (TAverageCaVityAir

It is interesting to notice that the difference between peak cavity air

temperature and outdoor air temperature is about 1.87 of that between

average cavity air temperature and outdoor air temperature, independent
of cavity height.

4.10.3 Design Considerations

A double skin fagade consists of an external fagade and an internal
fagade that form an internal cavity. Apart from this basic design, the cavity
dimensions, openings, materiality, construction types, airflow paths, and
control systems vary considerably. Different DSF designs are better suited
to specific climates and design goals. Figure 4.12 shows a typical DSF
configuration that was tested in Belgium. The primary parameters of a
DSF design include:
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Figure 4.12. Vliet test cell cavity details with louvered cavity opening.
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a. Cavity Depth

DSF cavities have been built with depths from a few inches up to 4
or 5ft. Most studies that have considered a variety of cavity widths have
determined that this variable does not have a large effect on the overall
thermal performance of the DSF. Some considerations in deciding on
the cavity depth include: (a) making the cavity volume large enough to
allow for sufficient airflow through operable windows to meet ventilation
requirements; (b) providing adequate space for the shading device and
other structural elements; (c) allowing for easy access to the cavity interior
for maintenance and cleanness purposes, etc.

b. Cavity Width

DSF exists both with cavities extending the whole width of a building
and with cavities stratified into one to two meter wide sections. The effect
of cavity width on airflow has not been studied extensively, but it is likely
that structural and aesthetic considerations would largely determine this
design decision. It has been suggested, however, that creating narrow
cavities will produce shafts that will allow fire and contaminants to
propagate more quickly throughout the building.

c. Cavity Height and Opening Locations

Another design consideration is the height of the cavity: whether
it extends the whole height of a building, or is divided at each floor.
Most existing DSFs have cavities that are divided along the height
of the fagade, although some have perforated catwalks at each floor
for maintenance access that still allow air to flow through them. A
taller cavity will produce a stronger buoyancy force, creating a greater
airflow rate. However, the fire hazard resulting from a large vertical
cavity with no divisions might be prohibitive. Also, air contaminants
and noise pollution could flow readily from floor to floor. If the cavity
is divided at each floor, there are typically air inlets and outlets near
the top and bottom of each section. For a full building height cavity,
there could be a single bottom inlet and a single top outlet. This
configuration creates the strongest buoyancy-driven airflow due to the
tall cavity height. Alternatively, there could be a number of inlets along
the exterior fagade with one main outlet at the cavity’s peak. This will
increase the airflow into the cavity, which is desirable in the case with
operable windows.
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d. Opening Structure

The cavity openings could be quite simple, or complex with controlled
louvers and wind shields meant to reduce the effect of wind pressure on
airflow through the cavity. If no wind shields exist, the airflow within
the cavity will often be driven by wind pressure, forcing the air to flow
predominantly in the downward direction. Two sets of automatically
controlled louvers allow one or two grids to be open, providing precise
control over the airflow rate through the cavity.

e. Cavity Materiality

Most DSF’s for new buildings are designed with the goal of maximizing
the transparency of the building, in which case both the interior and
exterior facades will be mostly glazed. Typically, the interior facade is the
thermal barrier, while the exterior facade is a higher transmittance single
pane glazing. This is the logical configuration if outdoor air is drawn into
the cavity through openings on the exterior fagade. If indoor air is cycled
through the cavity, conversely, the exterior fagade should be the thermal
barrier. In the renovation of an existing masonry building a glazed exterior
facade could be placed as a screen in front of the original building. In such
case the exterior glazing and cavity could protect the original building
and operable windows from pollutants, noise, wind, insolation, rain, and
vandalism. In either case, the glazing could be clear, allowing as much
insolation in as possible, or tinted or etched to filter out the sun as desired.

f. Shading Device

One frequently sited reason for the implementation of a DSF is the
potential for positioning a shading device within the cavity. This reduces
maintenance costs over locating it on the exterior of the building, and
more effectively prevents solar gains than when it is located within the
building. Generally, all the options exist as for conventionally located
shading devices: roller shades, louvered blinds, fixed versus manually or
automatically controlled, horizontal versus vertical fins, etc. The designer
should consider how the device will affect airflow within the cavity, and
how solar gains absorbed by the shade will be radiated relative to the
interior facade. The roller shade positioned in the center of the cavity,
shown in Figure 4.12, will allow air to flow freely against the interior
facade. Daylight might be more difficult to control precisely with this
design, however.

172



g. Airflow Control

The airflow through the cavity can be naturally driven (with buoyancy
and wind pressure), mechanically driven, or a combination of both. Operable
windows could allow airflow into the building, or the cavity air could be
completely closed off from the building’s interior. The airflow could be
bi-directional, or it might always flow in the same direction. Additionally,
depending on the application seasons and purposes, the cavity inlet could
draw in outdoor air, indoor air, or alternate between the two; and the cavity
outlet could discharge the air to the outdoors, to the building’s interior, or
to preheat for the HVAC system.

4.11 Phase Change Material

4.11.1 Principle

Shifting part of the peak load to off-peak time by adding building
thermal mass is a promising approach to managing the building load
demand. However as promising as this approach may be, when common
building materials are used, large masses of these materials are required.
Phase change materials (PCMs), on the other hand, can absorb large amounts
of heat during the phase change process without being so massive. For
example, Benard et al. [28] found that for the same thermal performance, a
wall outfitted with PCMs would only need about one-twelfth of the weight
of a concrete wall. When PCMs are placed in building walls, they absorb
a major part of the heat transferred from hot outside environment in the
daytime and release the absorbed heat during the night and early morning
hours. As a result, part of the peak space-cooling load is reduced and
shifted to off-peak hours. For real applications, PCMs should be able to
work in daily cycles, which means the PCM melted in the daytime should
solidify at night and/or during early morning hours and then be ready for
the next melting process. PCMs can be generally categorized as organic,
inorganic, etc. Table 4.3 lists the main characteristics of inorganic and
organic phase change materials [29].

According to the methods of energy storage, there are two kinds
of phase change energy storage building envelopes. One is the passive
phase change energy storage building envelope, which is based on indoor
air temperature or solar radiation changes; the other is the active phase
change energy storage building envelope, which is combined with heating
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Table 4.3. Classification and Properties of PCMs [29].

Classification Inorganic Organic
Category Crystalling hydrate, High aliphatic hydrocarbon,
molten salt, metal or acid/esters or salts,
alloy alcohols, aromatic
hydrocarbons, aromatic
ketone, lactam, freon,
multi-carbonated
category, polymers
Advantages Higher energy storage Physical and chemical
density, higher stability, good thermal
thermal conductivity, behavior, adjustable
nonflammable, transition zone
inexpensive
Disadvantages  Supercooling, phase Low thermal conductivity,
segregation, corrosive low density, low melting
point, highly volatile,
flammable, volume
change
Methods for Mixed with nucleating High thermal conductivity
improvement  and thickening additives, fire-retardant

agents, thin layer
arranged horizontally,
mechanical stir

additives

or cooling equipment and the heat transfer can be controlled actively.
Table 4.4 lists some applications of PCM in building envelopes.

4.11.2  Performance

PCM is an effective passive technique to reduce the effect of heat
wave; resulting in a reduced and delayed thermal zonal load. Several
studies show promising conceptual and real examples of PCM integration
into building applications [31-35]. Several experimental studies [36—38]
conducted over summer or winter days in the University of Kansas revealed
that PCM has significant reduction in peak and daily loads. The average
reduction in peak heating load for all walls ranges from as low as 5.7%
to as high as 15% depending on the thermal properties of PCM, PCM
design configurations, PCM concentrations, and the time period of the
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Table 4.4. Illustration of a Few Passive and Active PCMs Applications in
Building [30].
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study. Experimental testing at Arizona State University on the PCM panels
installed on every surface of the test shed on the interior side showed a
reduction of 27% in peak cooling load and a reduction of 19% in annual
cooling energy in Phoenix, AZ. Since no internal heat gain are imposed
except the solar radiation from a single east window, the high surface
area of PCM has to exclusively handle the cooling load generated by the
heat transfer from outside climate through exterior envelope. At Natural
Exposure Testing facility located in Charleston in south California, two
testing campaigns in summer and winter have been conducted to evaluate
the performance of different PCM panels divided into two wall groups
under real climatic conditions [17]. Results from one wall group show a
reduction in heat gain that ranges between 21.8% and 22.9% in summer.
In winter, the reduction in heat gain ranges from 5.7% to 15.4% and a
reduction in heat loss from 25.5% to 27.7% have been reported.

Simulation tools have also been used to evaluate the energy
performance of PCM in buildings. The US National Renewable Energy
Laboratory (NREL) research team has used EnergyPlus to simulate the
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PCM integrations into different envelope systems using a typical house
as per America benchmark protocols under Phoenix, AZ weather file [39].
The results show that PCM has minor effect on reducing the peak cooling
load in the cooling season of Phoenix. For the best PCM application
in the wall, a maximum reduction of around 8% in peak cooling was
achieved in the month of May with only 4% peak cooling reduction in
July. A couple of hospital spaces including administration office space,
group treatment and patient rooms have been individually simulated
using EnergyPlus for Oregon State Hospital in Junction City [40]. PCM
layers with different thermal properties are integrated into these spaces
for three envelope options: 1) external walls only, 2) external walls and
ceiling, 3) all surfaces. The charging occurs naturally during the day but
discharging is performed using night flush via integrated economizer with
HVAC system. Average reduction of 15%, 17% and 28% in annual cooling
energy, and 9.5%, 11%, 12% reduction in peak cooling load are achieved
for external walls only, external walls and ceiling deign option, and all
surfaces option respectively.

In general, these various studies indicated that the PCM’s performance
ishighly dependenton many factorsincluding the PCM’s thermal properties
(i.e., latent heat, melting temperature, and melting range), zonal thermostat
set-points, PCM’s design configurations and integration mechanism, the
insulation level of the wall assembly, PCM’s surface areas, exposure to
internal heat and solar gains, charging and discharging strategies and the
climate. Recent studies at University of Colorado at Boulder indicated
that PCM performs relatively better when it is located in direct contact
with the controlled indoor environment. On annual bases, the maximum
saving for the tested latent heat case is 6% and 2.4% for cooling and
heating loads, respectively. PCM shows improved performance during
transition season when compared to winter or summer seasons. For the
month of May (a transition month in Colorado), a maximum savings of
10% and 23% are achieved for heating and cooling loads, respectively. A
closer look at PCM layer level indicated that the diurnal cycle during this
month was the main reason for the improved PCM’s performance. As the
result, the charging and discharging cycles occur on a daily bases; driven
mainly by the climate. Multiple PCM layers — one for cooling and another
for heating were found to provide slightly better performance. For this
design, the order of PCM layers relative to the indoor environment was
not sensitive.

PCM shows improved performance when integrated with other
passive strategies such as natural ventilation, night cooling, direct solar
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gain techniques and PCM-enhanced Trombe wall etc. The Colorado study
showed that the reduction in annual heating loads for a south wall with
PCM is only 0.59% compared to 7.2% when a cavity is used (Trombe
wall). Ideally, the charging and discharging process should occur on
a daily bases for maximum benefits. In mild climates, the PCM should
be flushed with outside cooled air via natural ventilation during night to
prepare the PCM for the next hot day cycle. In winter cold climates, solar
harvesting techniques should be fully exploited to store the solar heat for
later night use.

4.11.3  Design Considerations

Selecting proper PCM properties is the first important step for designing a
successful PCM-enhanced building. In general, optimal melting temperature
of PCM is found to hover around the thermostat set-points: 1°C below the
cooling set-point for maximum savings in annual cooling load while at
heating set-point of 22°C for maximum savings in annual heating load. The
corresponding melting range should be 0.1 to 1°C and 2°C for maximum
savings in annual cooling and heating loads, respectively.

The following general guidelines for choosing desirable thermo-
physical, kinetic and chemical properties of PCMs can be followed:

1. Thermo-physical properties:

* melting temperature in the desired operating temperature range
(temperature range of application),

* high latent heat of fusion per unit volume so that the required
volume of the container to store a given amount of energy is
smaller,

* high specific heat to provide additional significant sensible heat
storage,

* high thermal conductivity of both solid and liquid phases to assist
the charging and discharging energy of the storage system,

* small volume change on phase transformation and small vapor
pressure at operating temperature to reduce the containment
problem,

» congruent melting of the phase change material for a constant
storage capacity of the material with each freezing/melting cycle.

2. Kinetic properties:

*  high nucleation rate to avoid super cooling of the liquid phase,
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* high rate of crystal growth, so that the system can meet demand of
heat recovery from the storage system.

3. Chemical properties:

* complete reversible freeze/melt cycle,

* no degradation after a large number of freeze/melt cycle,

*  no corrosiveness to the construction materials,

* non-toxic, non-flammable and non-explosive material for safety.

PCM can be integrated into different building enclosures; ceiling,
floor, or walls. The PCM can be thermally activated (i.e., charging or
discharging) using passive strategies such as solar radiation from the sun,
internal heat gain, or using outside cooled air via natural ventilation. Active
systems can also be used to thermally activate the PCM especially when
the energy is available at low cost. To be fully exploited, PCM should go
through a charging and discharging cycle at least one time a day. Multiple
cycles can be achieved through active systems which demand tuned
control algorithms for optimizing the charging and discharging process to
meet the zone demand.

PCM can be integrated into either passive or active building’s
systems. Passive systems perform their intended function using explicit
inherited properties with no or negligible external aid. On the other hand,
active systems are those associated with using mechanical, electrical
and electronic equipment to perform their intended function. One of
the simplest and easiest solutions is when PCM incorporated into drop
ceiling of a zone. Hybrid (automatic or manually) controlled windows are
installed to recharge the PCM when outside air is favorable. PCM can
also be embedded into floor systems. The PCM-enhanced concrete floor
is charged by the direct exposure to the solar radiation during the day.
During the night, the PCM is then naturally discharged to meet the heating
demand.

Wall system is perhaps one of the most common integration
mechanisms for PCM in buildings. In addition to PCM-enhanced
multilayer wall systems, PCM can be integrated into ventilated cavity
walls (similar to Tromble wall with top and bottom vents). PCM can be
utilized in south wall for solar collection and consequently discharged
when heat demand is required. Different design, operational strategies
and controlled mechanism can be used to passively or actively charge and
discharge the PCM. Air is commonly used as a heat transfer medium but
embedded pipes can be integrated into the PCM-enhanced wall. Using the
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embedded pipes, water can be utilized to quickly charge and discharge the
PCM.

4.12 Two Case Studies

4.12.1 Houghton Hall Office Building in Luton, UK

Houghton Hall is a three story office building located in Luton, UK
(Figure 4.13). Among a number of passive building techniques used such
as daylighting, passive solar, and shading, natural and hybrid ventilation
is the main feature of this building. Each of the building’s floors is open
to a central atrium, and five stacks with fans for ventilation assistance are
located in the roof of the atrium.

The building has two sets of vents, upper-level and view-level.
Approximately half of the view windows shown in the above photo are
operable, and these serve as view-level vents. Above each view-level vent
is a smaller upper-level vent. Figure 4.14 illustrates some of the natural
ventilation modes experienced into the building. Because the vents in
this building are user-operated, a number of different combinations of
wind- and buoyancy-driven ventilation are experienced. The upper-level
vents are opened in the spring of every year and left open until fall. The
view-level vents are user-operated during the occupied hours but are
closed at Spm for security purposes. The exhaust vents located in the
five stacks have louvers that are controlled based on wind direction as
well as temperature in the atrium. The louvers open and the assisting fans

Figure 4.13. Houghton Hall (south facade and internal atrium view).
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Figure 4.14. Natural ventilation in Houghton Hall.

switch on if the atrium temperature is higher than 26C. If the temperature
drops below 26C, the fans turn off. The louvers close when the atrium
temperature drops below 22C. Rain or high wind detected causes the
louvers to close.

The operable windows in this building are horizontally pivoting that
open approximately 10°. Experimentation regarding the effective area of
the vents in this building was conducted. The net effective area was found
to be approximately 30% of the gross window area. Table 4.5 provides the
detailed information about Houghton Hall.

The monitoring program in this building was implemented over an
18 month period, with the first 6 months used for resolving problems.
During this time, temperature and humidity loggers were placed
throughout the building, primarily at desk height, with vertical arrays in
some areas. CO2 measurements were also taken throughout this period,
as well as the following external conditions: temperature, humidity,
barometric pressure, direct and diffuse solar radiation, and wind speed.
Electric energy data loggers monitored overall energy usages as well as
the energy used by a variety of different consumers (lifts, fans, lights,
etc.). Figure 4.15 shows one of measured indoor air temperature against
the outside air temperatures, showing the effectiveness of natural/hybrid
ventilation for this building.

4.12.2 RMI Headquarters Building: Amory Lovins Uber Solar Home
in Colorado, US

Amory Lovins’ 4000-square-foot Uber Solar Home in Colorado, US,
also served as the headquarter for Rocky Mountain Institute, is a showcase
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Figure 4.15. Measured indoor and outdoor air temperatures.

for green architecture and ultra-efficient housing, especially for the high-
elevation mountain climate. The building was completed in 1984 for
$500k, or $130/ft>. The main passive features are passive solar heating
and superinsulation (Figures 4.16 and 4.17). With no heating system, the
house, instead, relies on greenhouse “furnace” and 1 million pounds of
heat-storing thermal mass for heating needs. Other green features include:
tracking PV, solar thermal water heater, daylighting, efficient appliances.
Masonry taken from local area helps building blend in with surroundings.
The energy savings paid off the extra cost of green features within

Figure 4.16. Amory Lovins’ uber solar home.
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10 months. The house saves 99% space/water heating, 90% household
electricity, and 50% household water.

Surrounded by the 16-in.-thick stone walls and the hill earth that
keep the interior temperature fairly constant, the house also implements a
greenhouse (sunspace) that forms the central living room let in light, and
store heat in a small jungle of plants, from guavas to coffee to bananas.
The stored heat can then be used for night heating.

In the recent renovation, more passive and active solar systems
including solar tubes, solar hot water and photovoltaic panels were used.
This paves the directional road to the net-zero-energy house but also
reveals the notable cost associated with active systems (although most of
his renovation project components were donated by industry). For instance,
the new photovoltaic panels nearly doubles the amount of solar electricity
the house produces, to 9.7 kW, enough for the house’s needs. The PV
panels, which were donated to Mr. Lovins, retail for about $30,000, not
including installation.
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S Control Strategies for Building
Energy Systems

Moncef Krarti

Abstract

This chapter describes control strategies which can provide significant
energy-saving opportunities to various energy-consuming equipment, such as
boilers, chillers, and motors. First, basic concepts of HVAC system controls
are presented. Then, typical supervisory controls including energy manage-
ment and control systems (EMCs) are outlined. Finally, several applications of
EMCS are discussed to illustrate the types controls that can be implemen-
ted for building energy systems and equipment. In the discussion of the
applications for the supervisory controls, the benefits of using optimal control
strategies to operate building energy systems are evaluated.

5.1 Introduction

Currently, almost all new buildings have some control systems to manage
the operation of various building equipment including HVAC systems. More
elaborated control systems can operate simultaneously several mechanical
and electrical equipment dispersed throughout the facility. In particular,
these energy management control systems can be used to reduce and limit
the energy demand of the entire facility. In the last decade, most of the
advances in the HVAC equipment are due to the modern electronic controls
which are now cheap, flexible, and reliable.

The development of energy management and control systems
(EMCS) is mostly attributed to the introduction of computerized building
automation systems. In fact, energy management represents one of several
tasks performed by an integrated building automation system (IBAS).
Among other tasks of the IBAS include fire safety, vertical transporta-
tion control, and security regulation. Advanced IBAS include logic for
interaction between lighting, HVAC, and security systems. For instance,
if an automated occupancy sensor detects presence of people in specific
spaces during late hours (during night or week-ends), the information can
be used to adjust indoor temperature (for comfort) and to reinstate elevator
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service (to ensure that people can leave the building). Moreover, EMCS
can provide facility operators with recommendations on maintenance
needs (such as lighting fixtures replacement) and alarms for equipment
failures (such as motors when they burn out).

The use of energy-efficient equipment does not always guarantee
energy savings. Indeed, a good management of the operation of this
equipment is a significant factor to reduce whole building energy use.
Generally, building energy loads are continuously changing with time due
to fluctuations in weather and changes in equipment use and occupancy.
Thus, effective energy management requires the knowledge of the facility
loads. Two approaches are typically applied:

*  Load Tracking: the operation of equipment is modulated to respond
to the actual needs in the facility. As an example, the compressor
in a centrifugal chiller may change speed to match the cooling
demand. The actual needs of a facility can be determined by a
continuous monitoring. As an example, the load on the chiller can
be estimated if the chiller water flow, and chilled water supply and
return temperatures are monitored.

* Load Anticipation: In some applications, the needs of a facility
have to be predicted to be able to modulate adequately the operation
of equipment. For instance, in cooling plants with thermal energy
storage system, it is beneficial to anticipate the future cooling
loads to be able to decide when and how much to charge and
discharge the storage tank. Load prediction can be achieved by
analyzing the historical pattern variations of the loads.

Using monitored data and other parameters characterizing the
building, energy control systems enable operators and managers to operate
efficiently HVAC and lighting systems to maintain comfort level. In the
following sections, building energy control systems and some of their
applications are presented and discussed.

5.2 Basic Control Principles

5.2.1 Overview of Control System Components

Control systems are used to match equipment operation to load
requirements by changing system variables. A typical control system
includes four elements as briefly described below:
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1. Controlled variable is the characteristic of the system to
be controlled (for instance, the indoor temperature is often
the controlled variable in HVAC systems).

2. Sensors which measure the controlled variable (for instance
thermocouple can be used to measure indoor temperatures).
Table 5.1 lists some sensors commonly to control HVAC
systems.

3. Controllers that determine the needed actions to achieve the
proper setting for the controlled variable (for instance, the
damper position of the VAV box terminal can be modulated
to increase the air supply in order to increase the indoor
temperature of the zone if it falls below a set-point).

Table 5.1. Types of Sensors Used for HVAC Systems Controls.

Variable to sense Types of sensors

Temperature * Bi-metallic strip
* Sealed bellows
* Bulb and capillary sensors

Pressure  Variable resistance
 Capacitance
Liquid flow * Orifice

* Venturi tube

* Flow nozzles

* Vortex shedding sensors

» Positive displacement flow sensors
* Turbine-based flow sensors

* Magnetic flow sensors

* Ultrasonic flow sensors

Air flow e Hot wire anemometers
 Pitot static tube
Relative humidity * Resistance relative humidity sensor

» Capacitance relative humidity sensor

» Temperature condensation

» Condensation and wetting

* Quartz crystal relative humidity sensor
» Hydrostatic sensors

* Ultrasonic sensors

» Capacitance sensors
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4. Actuators are the controlled devices which need to be activated
in order to complete the actions set by the controllers (to vary the
air supplied by a VAV box, the position of the damper is changed
by an actuator through direct linkages to the damper blades)

Generally, two categories of control systems can be distinguished
including closed loop and open loop systems. In a closed loop system (also
known as a feedback control system), the sensors are directly affected by
(and thus sense) the actions of the actuators. A typical control of a heating
coil is an example of a closed loop system. However, in an open loop system
(also called a feed forward control system), the sensors do not directly sense
the actions of the controllers. The use of timer to set the temperature of the
heating coils would be an example of an open loop system since the time
may not have a direct connection with the thermal load on the heating coils.

Figure 5.1 shows the various components and terms discussed above
as well as an equivalent control diagram for a closed-loop control system
for a heating coil.

Set-Point =———>{ Controller

Actuator

Hot Water

Three-Way Flow

Valve

‘ Air Flow
- ——————— ————————
Temperature

Sensor

(a) Basic closed-loop control for a heating coil

. Controlled
Set-Point r—)[ControIIer]—)[Actuator]——)[Process]——)[ Variable ]

' Sensor I
)

(b) Equivalent control diagram for the heating coil

Figure 5.1. Typical representations for a heating coil control system.
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5.2.2  Transfer Function Analysis

In HVAC controls, the analysis of control systems can be carried out
using transfer functions connecting input to output signals. For instance,
Figure 5.2 shows the relationship between the input function u(f) and the
output y(¢) after a process function, g(¢), typically referred to as a response
function.

For linear processes, the output function, y(¢) can be estimated from
the input function, u(t), using the following expression:

(0 =[ utt-)g(v)d (5.1)

As a notation, the relation of Eq. (1) can be written simply as:

() = u(t) * g(9) (52)

For instance, in case the process can be represented by a constant
response function, that is, g(f) = K. Then, from Eq. (5.1), the output
function is proportional to the input signal as shown by Eq. (5.3):

W(t) = K.u(f) (5.3)

In general, the relationship between the input and output involved
linear differential functions such as the relationship provided by Eq. (5.4):
d’y . dy

du
—>+b——+cy=0—+ 54
“ar Ta T pu >4

In order to find the relationship between the input and output functions,
and thus define the function g(¢), the Laplace transform analysis is used. The
Laplace transform function for any function f(¥) is defined as F(s) as follows:

F(s)= j(;"’f(t)e—“dz (5.5)

input output

Figure 5.2. Time domain input-output relation through a response function g.
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Through the Laplace transform, any linear differential equation can
be simplified. For instance Eq. (5.4) can be transformed in the Laplace
domain as follows:

a s2Y(s) + bs¥Y(s) + cY(s) = as U(s) + b U(s) (5.6)
Thus,

os+

2

Y($)=—77""—
as“+bs+c

U(s) (5.7)

Therefore, the response function G(s) in the Laplace Transform can
be written as:

Y(s)  as+p

GS: =
() UG) as’+bs+e

(5.8)

Figure 5.3 illustrates the input-output relationship through the function
G in the Laplace transform domain. The function G is called a transfer
function to find the output Y(s) from the input U(s) by simple multiplication
operator in the Laplace transform domain:

Y(s) = G(s) U(s) (5.9)

The output function Y(s) can then be converted into the time domain,
y(t), using the inverse of the Laplace transform as shown by Eq. (5.10):

)= j(;” G(s)e' ds (5.10)

Table 5.2 summarizes for typical response functions their associated
Laplace transforms as well as Transfer functions.

When two signals are used as input variables, u, and u,, first the sum
of the output signals, X, from two transfer functions, G, and G,, are added
before the resultant is applied to a third transfer function, G;, to obtain
the output signal, y, as shown in Figure 5.4 using the Laplace Transform
analysis.

Using the transfer functions G,, G,, and G,, the output y(s) can be
determined from the U, (s) and U (s) as indicated by Egs. (5.11) and (5.12):

Y(s) = G5(s) X(s) (5.11)
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y(s)
—

output

input

Figure 5.3. Transform domain input-output relation through a response
function G.

Table 5.2. Laplace Transforms for Selected Response Functions.

Time domain response Laplace transform Input-output
function function, G(s) relationship
3(t) [impulse function at 1 y(t) = u(t)
t=0]
e*at 1
d—y +tay=u
s+a dt
sin(w ¢) w d’y
PCEN) S teTy= @
" +s d[z
8(t — T) [impulse et y(t) = u(t-T)
function at t = T]
H(t) [Integrator] 1

(0 =[iu@d

Sum of
inputs

Figure 5.4. Interconnection between two input signals and the output functions.
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And
X(s) = G,(5) U,(s) + Gy(s)Uy(s) (5.12)

Thus, the output can be directly obtained from the input signals U,
and U,:
2

Y(s) = G,(s) G5(s) U,(s) + G,(s5) G5(s) Uy(s) (5.13)

The output from the two input variables is simply the sum of the
output signals from each input variable obtained by the transfer functions
G, Gyand G, G,.

Another common interconnection is when there is a feedback loop
from the output to the input to estimate the error function as shown in
Figure 5.5 and expressed in terms of transfer functions

E(s) = U(s) — G,(s) Y(s) (5.14)
And
Y(s) = G,(s) E(s) (5.15)
Thus,
Y(s) = G,(s) U(s) — G,(s) Gy(s) Y(s) (5.16)
Therefore,
y(s)=1+G?(IS()%2(S)<U)s (5.17)
Us) E®) s 61 s
nput Error Output
G2(s)

Figure 5.5. Error signal obtained input and the output signals.
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Then, the error transfer function can be estimated by substituting
Eq. (5.17) into Eq. (5.14):

1

E(s)y=————-U
1+ Gi(s)Ga(s)

() (5.18)

As an application of the two interconnected transfer functions shown
by Figures 5.4 and 5.5, the transfer function for any linear control scheme
can be developed. For instance, the transfer function diagram for the
control process of Figure 5.1 is shown in Figure 5.6.

The input-output transfer function for the control process can be
derived to be:

Gi(s)G2(5)G3(5)

) G (5)0(5)G(5)Ga o)

U(s) (5.19)

Moreover, the error transfer function can be shown to have the
following expression:

= 1 U
1+ Gi(s)G2(s)G3(5)Ga(s)

E(s) (s) (5.20)

In the following section, common control modes for HVAC systems
are described in details.

Controller Actuator Process

l Ga(s) I
—__J

Sensor

Figure 5.6. Transfer function diagram for input and the output signals for
control process of Figure S.1.
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5.2.3  Control Modes

Each control system can use different control modes to achieve the
required objectives of the control actions. Four control modes are commonly
used in operating HVAC systems. These four control modes are:

1-Two-position: This control mode allows only two values (on-off or
open-closed) for the controlled variable and is best suited for slow-reacting
systems. Figure 5.7(a) shows the effect of two-position control on the time
variation of the controlled variable (such as the air temperature due to
on-off valve position in a heating coil). In order to avoid rapid cycling, a
control differential can be used. Due to the inherent time lag in the sensor
response and to the thermal mass of the HVAC system, the controlled
variable fluctuates with an operating range (called operating differential)
with higher amplitude than the control differential. Thus, the operating

Controlled variable

VAN ANAWANWAWAWAWAWAWAWAWAWAWAWANWAN
VVVVVVVVVVVVVVV

Set point

time
(a) Two-position action when no control differential is used (rapid cycles)

Controlled variable

Control

differential

differential

time

(b) Two-position action with a control differential

Figure 5.7. Effect of two-position control on the time variation of a controlled
variable.
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differential is always higher than the control differential as illustrated in
Figure 5.7(b).

Examples of two-position controls are domestic hot-water heating,
residential space-temperature controls, and HVAC system electric preheat
elements.

2-Proportional: This mode has a linear relationship between the
incoming sensor signal and the controller’s output. The relationship is
established within an operating range for the sensor signal. The set point of
a proportional controller is the sensor input which results in the controller
output to be at the midpoint of its range. Mathematically, the controller
output, u, is given by the following equation for a proportional control:

u=Kye+u, (5.21)

The offset or error, e, is the difference between the set point and the
value of the controlled variable. The proportionality constant, Kp, is called
the proportional gain constant. The controller bias, u,, is the value of the
controller output when no error exists.

As depicted by Eq. (5.21), the proportional control is not capable of
reducing the error since an error is required to produce any controller
action. Therefore, the controlled variable fluctuates within a throttling
range as depicted in Figure 5.8.

Controlled variable

Qaboprrt
Set point

/\ [Nk O
N2

time

Figure 5.8. Proportional control effect on the time variation of a controlled
variable.

199



It should be noted that when the gain constant is very large, unstable
system can be obtained.

Generally, proportional controllers are used with slow stable systems
that have small offset.

3-Integral: This control mode is typically incorporated with a
proportional control mode to provide an automatic means to reset the set
point in order to eliminate the offset. The combination of the proportional
and integral actions is called ‘proportional-plus-integral” or simply PI
control. Mathematically, the PI control can be expressed as follows:

u=K; [edt+Kye +uy (5.22)

where K. is the integral gain constant (also known as the reset rate) and has
the effect of adding a correction to the controller output whenever an error
exists. For HVAC systems, typical Kp/Ki ratio is less than 60 minutes.

The PI control can be applied to fast-acting systems that require large
proportional bands for stability. Typical applications include mixed-air
controls, heating or cooling coil controls, and chiller-discharge controls.

4-Derivative: This control action is used to speed up the response
of the system in case of sudden changes. The derivative control mode is
included in a combination of proportional-plus-integral-plus derivative
(PID) control modes for fast-acting systems that tend to be unstable such
as duct static-pressure controls. The mathematical model for the PID
control is given by Eq. (5.23):

u=Ky f;+1<,~ [edt+Kye+ug (5.23)

where, K, is the derivative gain constant. The derivative term generates a
corrective action proportional to the time rate of change of the error. The
ratio K d/Kp is typically less than 15 minutes for most HVAC applications.
If the system has a uniform offset, the derivative term has little effect.
The use of PID controls is typically less common than the PI controls for
HVAC systems since no rapid control responses are needed.

To illustrate the action of P, PI, and PID control modes, Figure 5.9
compares the response of the system to an input step change. As expected
the proportional control results in an offset and the controlled variable
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Input step change (in the controlled process)

time

Error
time
(a) Proportional (P) control action
V'
time
(b) Proportional-plus-integral (Pl) control action time
Error
time

(c) Proportional-plus-integral-plus-derivative (PID) control action time

Figure 5.9. Comparison of the reaction of three control modes to an input
step change.

does not reach the set point. The correction term due to the PI control
slowly forces the controlled variable to reach the set point value. Finally,
the derivative term of the PID control provides a faster action to allow the
controlled variable to attain the set point.

In addition to these conventional control modes, other intelligent
controllers have been investigated in various engineering fields including
HVAC equipment controls as will be discussed in the following section.

5.2.4 Intelligent Control Systems

In the future, it is expected that intelligent control systems will be
commonly available to operate HVAC systems. Anumber of research studies
are applying intelligent system methodologies so that control systems have
human-like capabilities such as pattern recognition, adaptation, learning,
reasoning, and associative memory to operate complex systems that
convention control techniques cannot handle. Various intelligent control
environments have been considered for HVAC systems including:
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e Expert Controls: Rule-based expert systems are based on human-
like reasoning and can be powerful to solve practical engineering
problems. Indeed, expert control systems have been applied to
self-tuning, structured knowledge based adaptive control, fault
diagnosis, and scheduling and planning. However, rule-based
expert systems are not yet suitable to process numerical knowledge
and thus to provide precise solutions. The development of an
expert system environment that can deal with both qualitative and
quantitative knowledge, and to automatically explore knowledge,
is still in the realm of future expert control research.

* Fuzzy Controls: Since the development of fuzzy logic in the
1960s, fuzzy control has been one of the most attractive strategies
in controlling complex systems with imprecise and/or uncertain
knowledge of system information and behavior. Fuzzy logic can be
applied to system modeling, estimation, optimal control, and adaptive
control with the requirements of only system fuzzy knowledge and
input/output data. Applications of fuzzy logic in expert systems are
becoming attractive to establish intelligent expert control systems
with fuzzy knowledge representation and fuzzy reasoning.

e Artificial Neural Networks: Similar to biological neural net-
works, artificial neural networks consist of large number of
simple non-linear processing elements, typically called nodes or
neurons, which are interconnected with adjustable weights. Well-
trained neural network models can provide both qualitative and
quantitative knowledge and has powerful functions in learning
and self-organization. These features make neural networks more
suitable in dealing with numerical data than expert systems.

5.2.5 TDypes of Control Systems

To achieve the actions of the control systems discussed above, several
types of energy sources are used. In particular, the following types of
control systems are used in HVAC applications:

*  Pneumatic devices are used with low-pressure compressed air at 0
to 20 psig. Pneumatic systems are common in older installations.

*  Electric devices using 24 to 120 volts or even higher voltage sources.

* Electronic devices with low direct current voltages varying from
0 to 10V. These devices are being installed in new commercial
buildings especially with direct digital control (DDC) systems.
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* Hydraulic systems when large forces are required with pressure
larger than 100 psi.

* Self-generated energy derived from the change of state of the
controlled variable or from the energy available in the process
plant.

For HVAC retrofit applications, it is recommended that direct digital
control (DDC) systems be considered. Indeed, currently developed DDC
systems use the latest digital technology including features such as intelligent
controllers, high speed communication networks, and sophisticated control
algorithms. All these features allow more energy-efficient control strategies
to be implemented. Moreover, digital devices present additional advantages
compared with pneumatic or electric devices as outlined below:

» Little or no maintenance is required for digital devices.

» Calibration of digital devices can be performed through remote
instructions issued over a network. Some digital devices have the
advantage to be continuously self-calibrating.

* Better accuracy is obtained from digital controls compared to
pneumatic or electric devices.

While DDC devices have been used since the 1980s, it is only recently
that manufacturers have developed systems that house interposing devices
(such asrelays, transducers, and hard-wired logic) in the same package with
the electronic devices. These new DDC systems are suitable for retrofitting
applications since it is now economical to convert existing pneumatic and
electric analog controls to DCC systems. The best candidates for DDC
retrofitting are air handling units (AHUs), heat exchangers, distribution
pumps, and cooling towers. In general, the larger the equipment size,
the faster the payback period. Replacing the controls for small HVAC
equipment such as package unitary systems (including unit ventilators,
heat pumps, and fan coils) may not be cost-effective.

Retrofit of pneumatic controllers can be made using electronic-
to-pneumatic (E/P) transducers to convert signals so electronic and
pneumatic control components can be combined in the same control loop.
For instance, the controller and the sensor in an existing pneumatic HVAC
control system can be converted into electronic devices while the actuator
can remain pneumatic. The pressure output of the E/P transducer should
match the electric signal. The use of E/P transducers allows retrofit of
control systems with minor interruption in the operation of the controlled
system.
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5.3 Supervisory Controllers

Supervisory controllers can interact with all the subsystems housed
inside a building to effectively meet building needs with appropriate
operator input. Typically, supervisory controllers are called building
automation system (BAS), building management systems BMS), Energy
Management System (EMS), or more commonly Energy Monitoring and
Control Systems (EMCS).

5.3.1 Basic Components of an EMCS

To control and operate equipment for heating, ventilating, and air
conditioning, or for lighting and process equipment, an energy monitoring
(or management) and control system (EMCS) can be used. A typical EMCS
is configured into a network that includes sensors and actuators at the bottom
level, microprocessor controllers in the middle, and a computer at the top
with a modem to allow remote monitoring and control of the building energy
systems. For a typical commercial building, an EMCS system can be cost-
effective in reducing the energy use for HVAC and lighting systems.

Energy management is often just one element of an integrated building
automation system (IBAS) which regulates security, fire safety, lighting,
HVAC systems, and elevators. Advanced IBAS systems include logic for
interaction between various systems such as HVAC, lighting, and security
systems. Indeed, the automated occupancy count information obtained
for different spaces in a facility can be used to adjust indoor temperature
settings, reduce or turn-off lights, and ensure proper elevator operation.

The size of an EMCS system is typically classified based on the total
number of points connected to a system. Five size categories are generally
considered for EMCS systems:

* Large EMCS systems with more than 2000 points.

e Medium EMCS systems with 500 to 2000 connected points.
e Small EMCS systems with 200 to 1000 points.

*  Small centralized EMCS systems with 50 to 500 points.

*  Micro EMCS systems with less than 100 points.

A typical EMCS system is depicted in Figure 5.10 and includes a central
control unit (CCU), a processing memory, storage devices, input-output
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devices,

a central communication controller (CCC), data transmission

medium (DTM), a field interface devices (FID), multiplexers, instruments,
and controls. A brief description of the major components of an EMCS
system is presented in the following sections.

The central control unit (CCU) consists generally of'a computer with
memory for the operating system software, command software, and
implementation of application algorithms. In particular, compu-
tations and logical decision functions for central supervisory
control and monitoring are performed by the CCU. However,
data and programs are stored in and retrieved from the memory or
storage devices such as magnetic tape and disk systems. Typically,
the CCU has input-output (I/O) ports for specific equipment such
as printers and terminals.

The central communications controller (CCC) is typically a com-
puter with enough memory to execute specific programs required
to reformat, transfer, and perform error checks on data coming
from the CCU or the field interface devices (FIDs). The CCC may
have back-up capabilities in case of CCU failure.

Printer CPU/CCC Terminal

Data Transmission Medium

FID

FID FID

FID
MUX

I

Sensing and
Control point

Figure 5.10. Typical EMCS components and configuration.
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Field interface devices (FIDs) consist generally of computer
devices with memory, I/O, communications, and power supply.
The FIDs record the monitored and controlled data, perform
calculations and logical operations, accept and process system
commands. They should be capable of operating in case of CCU
failure.

A multiplexer (MUX) is a device that communicates between the
data environment and its associated FID. The MUX is functionally
part of the FID and can thus be in the same enclosure.

The data transmission medium (DTM) is the communications link
that allows transferring data between the CCU and its associated
FIDs such as telephone lines, optical fibers, or coaxial cables.

5.3.2 TDypical Functions of ECMS

Several control operations and functions can be performed by an
EMCS including but not limited to:

I.

ii.

iii.

1v.

Equipment operation such start-stop, on-off, and open-close
controls.

Alarm functions such as abnormal equipment status, high or low
parameter values (temperature, pressure, refrigerant level, etc.
Computer programming and table look-up functions for energy
management and equipment use optimization including enthalpy
economizer controls, chiller plant optimization, load shedding
based on demand monitoring, lighting control by zones.
Monitoring of operation conditions such as temperatures,
pressures, energy end-uses.

Other functions and applications of EMCS are being developed and
implemented in some facilities. Some of these applications are discussed
in the following sections:

EMCS can be used with expert systems to make intelligent operating
decisions based on stored and accumulated knowledge. For instance,
integrated EMCS/expert systems can be used to diagnose faults and
inefficiencies in HVAC and lighting systems. Typically, an EMCS/expert
system would be programmed with basic information about the building
equipment and their design operation characteristics. Over time, actual
operating data would be recorded and used to train the expert system and thus
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improve its diagnostic accuracy. If a fault were detected, the EMCS/expert
system would notify the building operator of the probable problems and
suggest remedial actions or simply initiate automatically countermeasures
in case of serious problems. As an example, if the indoor temperature for
a specific space is noted to be rising significantly beyond the throttling
range, the EMCS/expert system would examine all the relevant sensor
readings (such as airflow rates, fan energy use, and cooling water flow
and temperature). Then, the EMCS/expert system would indicate using its
knowledge base that the probable causes for the problem are faulty fan
operation or leakage in chilled water pipe (70% faulty fan and 30% chilled
water pipe leakage).

Another function of EMCS that has been implemented in several
buildings especially in the last decade is the maintenance of acceptable
indoor air quality (IAQ) levels. Indeed, the cost of sensors for monitoring air
pollution compounds such carbon monoxide (CO), carbon dioxide (CO,),
and volatile organic compounds (VOC) have decreased sufficiently enough
to be incorporated in commercial and institutional buildings. For instance,
CO, demand controlled ventilation has been implemented in several spaces
including classrooms, conference rooms, theaters, and auditoriums.

5.3.3 Design Considerations of an EMCS

When an EMCS is recommended for a facility, it is important to
consider some practical issues to ensure a successful design and operation.
In particular, it is recommended to:

*  Allowredundancy into the control systems in case of system failure.
In particular, it is important that the local control devices are able
to manage and operate the system for a reasonable period of time
when the central control unit malfunctions or needs servicing.

*  Provide clear information about the system operation. For instance
color graphic displays are preferred to numerical data for the use
of facility operators and managers.

* Perform a thorough commissioning of all the components and
functions of the EMCS under various operating conditions (peak
cooling and peak heating modes as well as part-load conditions).

»  Train the operating staff to use the EMCS to their best advantage. In
particular, the operators should understand the EMCS capabilities
and benefits.
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The selection of an EMCS for a given facility depends typically on the
required functions and on economic considerations. The desired functions
and controls from an EMCS are based on several aspects including the
building type, HVAC system zoning, occupancy profiles, accuracy
requirements, and the objectives of the owners. For instance, owner-
developers may be more interested in having an EMCS with the lowest
first cost rather than a system that provides a high-quality environment
which may be one of the main objectives of owner-occupants. Moreover,
high-rise buildings tend to have centralized systems with built-up fans
and associated controls. In the other hand, low-rise buildings use typically
package rooftop fan systems with local controls.

The cost benefits of the EMCS can be evaluated after identification of
all the desired controls. Some of the important factors that affect the cost
of an EMCS include:

i.  System size and number of control points
ii. Degree of automation in the control functions
iii. Accuracy requirements for sensors and controls

To ensure that the control systems conserve energy and save operating
cost, it is important to follow basic principles in their design including:

1. The energy-consuming equipment should be operated only when
needed. For instance, heating temperature set-points should be
set back during unoccupied periods. The heating equipment
should be operated only to maintain these set-back temperatures
(typically between 50°C and 55°C to prevent freezing damages
for various components of the HVAC system),

2. The simultaneous heating and cooling should be avoided.
Proper zoning and HVAC system selection can minimize—if
not eliminate—the need for providing heating and cooling at the
same time.

3. The outdoor air intake should be controlled. In the United
States, only minimum requirement ASHRAE Standard 62-1999
for ventilation need to be supplied to the building when no
economizer cycles are used.

4. The heating and cooling should be provided efficiently. In
particular, only actual heating and cooling load requirements
should be met. In addition, free cooling/heating or low-cost
energy sources should be considered first to maintain comfort
within the building.
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Finally, it should be noted that energy control systems should be
designed to be simple and easy to operate and maintain.

5.3.4 Communication Protocols

A communication protocol consists of a set of rules that have to be
applied to exchange data between two parts of an EMCS system. Most
manufacturers of building automation systems have their proprietary
communication protocols. Therefore, building owners are forced to
purchase only equipment from the original manufacturer if he wants to
expand the existing automation system. Due to the lack of interoperability
between communication protocols from various manufacturers, it is
almost impossible to take advantage of a facility-wide approach to control
optimization and energy savings. A single manufacturer does not provide
all the best possible control strategies for electrical demand limiting,
heating and cooling optimization, and similar energy-saving options.
Moreover, several control sub-systems in a building including HVAC
controls, lighting/daylighting interface, fire alarm and life safety, security,
and communication systems are generally manufactured by different
companies. Integrating all these subsystems is a difficult task without a
common communication protocol.

As a solution to the limitations and the difficulties inherent to proprietary
protocols, a number of open communication protocols have been developed
in recent years. These open protocols have some interoperability capabilities
and thus allow building owners and managers to keep the open door to
competition on any future expansion projects. One of the most widespread
and widely accepted open protocols is the BACnet, a data communication
protocol for Building Automation and Control networks [1]. BACnet is a
non-proprietary open protocol standard that supports various communica-
tion networks ranging from high speed Ethernet local area networks (LANSs)
to low cost networks. Since ASHRAE developed BACnet, no one specific
company or consortium has an advantage or an influence on future deve-
lopment of the standard. Any changes for BACnet are published for public
review and comment after discussions on an ASHRAE open committee that
includes representatives from industry, academia, and government.

To design a BACnet device, a manufacturer needs to identify the BACnet
objects and services required to achieve the intended functionality for the
device. A BACnet object is a standard data structure defined with a set of
properties and data types. In its current version, BACnet standard defines
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several types of objects such as loops, tables, schedules, commands, and
programs. BACnet services are the programmed actions that use the data
objects to achieve the function of the device. Services, defined by the current
version of the BACnet standard, include alarm and event services (to notify
of any alarm and event), file access services (to read and write files), object
access services (to read or write the properties of objects), remote device
management services (to troubleshoot and maintain devices), and virtual
terminal services (to allow interaction between a terminal and the device).
Moreover, the BACnet device has to conform to a set of specifications using
a series of conformance classifications. Each conformance classification adds
functional services to the device. Thus, each BACnet device design would
have a protocol implementation conformance statement (PICS) prepared by
the manufacturer to identify the BACnet options available in the device.

In the last few years, some manufacturers have developed BACnet
control devices. However, the integration and the application of these
devices in real installations have not yet been documented.

5.4 Control Applications

Energy management and controls systems can be used to perform
several functions and tasks. Early building automation systems were
limited to simple functions, such as simple on/off programming including
duty cycling and load shedding. Currently, more complex functions and
controls can be achieved by EMCS. Some of these controls are now
available in standard program packages such as:

e Duty cycling for motor loads to provide sequential shut-down
for short periods for equipment such as supply fans of small air
handling units. However for large motors, frequent duty cycling
is not generally recommended due to adverse effects on belts,
bearings, and motor drives.

*  Demand shedding to limit electrical loads. However, it is generally
difficult to identify loads that can be shed without affecting the
building performance especially for HVAC systems that are not
generally needed when electrical demand is high. Therefore,
equipment not related to HVAC systems such plug loads or
lighting fixtures are typically considered for demand shedding. In
particular, programmable lighting controls can be combined with
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other energy-saving lighting measures including dimming and
occupancy sensors.

» Partial space conditioning to allow systems to cool only a small
portion of the building by controlling supply-air dampers serving
various zones. With the use of variable frequency drives, it is now
possible to adjust fan speed to match small loads for most central
fan systems.

For buildings, supervisory controllers have evolved to perform several
functions including but not limited to:

*  Maintain acceptable indoor quality environment in occupied spaces
of buildings including thermal comfort, air quality, and visual
comfort.

* Reduce energy consumption and thus energy and operating costs
for buildings.

*  Add some flexibility by allowing the use of some equipment while
others are turned off either for regular maintenance or for repair.

* Assist in diagnostic analysis of faults specific to energy systems
hardware by through a series of adjustments in control strategies.

The applications for supervisory controllers to improve the energy
efficiency of building energy systems vary significantly and can range
from single energy system to the entire building set of equipment and
sub-systems. The following sections present some of these applications
spanning a wide range of building energy systems.

5.4.1 Electrical Systems
5.4.1.1 Motor Duty Cycling Controls

Frequent turning on and off HVAC systems (and in particular fan
motors) may be actually detrimental and may not be cost-effective over
the life cycle of the equipment due to added maintenance and repair costs.
However, on/off cycling of motor loads can be performed safely without
long term damages when minimum on and off times are respected. The
National Electrical Manufacturers Association (NEMA) provides a set
of recommendations for minimum on/off times of duty cycling of motor
loads [2]. Some of these recommendations are summarized in Table 5.3. It
is highly recommended however, that the motor manufacturers be directly
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Table 5.3. Allowable Number of Start per Hour and Minimum Off-Time for
Motor Loads [2].

2-pole motors 4-pole motors 6-pole motors

Max. Min. Max. Min. Max. Min.
Motor size  Starts/hr Off-time Starts/hr Off-time Starts/hr Off-time

HP (kW) (sec) (sec) (sec)

2.0 (1.5) 11.5 77 23.0 39 26.1 35
5.0 (3.75) 8.1 83 16.3 42 18.4 37
7.5 7.0 88 13.9 44 15.8 39
15.0 54 100 10.7 50 12.1 44
20.0 (15.0) 4.8 110 9.6 55 10.9 48
25.0 (18.75) 4.4 115 8.8 58 10.0 51
30.0 (22.5) 4.1 120 8.2 60 9.3 53
40.0 (30.0) 3.7 130 7.4 65 8.4 57
50.0 34 145 6.8 72 7.7 64

consulted to determine their suggested minimum off-time and allowable
number of starts per hour.

To fully benefit from duty cycling energy cost savings (due mostly to
reduction in demand charges), two methods can be used. In the first method
known as parallel duty cycling, all the motors are cycled on and off at the
same time. This method can provide energy cost savings when the duty
period is less than the demand period (typically 15 minutes in most utility
rates). However, when the duty period exceeds the demand period, there
is no reduction in demand changes if all the motors are cycled on and off
at the same time. In this case, it is recommended to use the second method
of duty cycling called staggered duty cycling which alternates the on and
off times of the motors.

Most mechanical equipment manufacturers recommend extended
duty cycling periods (higher than typical demand periods of 15 minutes).
Therefore, staggered duty cycling approach should be considered in most
applications to ensure the safety of HVAC equipment while reducing
operating costs.

For example, a 33% reduction in the annual energy use and costs due
to staggered duty cycling of three identical 2-pole fan motors, each rated
at 30 kW [40 hp] if the motor has a cycle of 20 minutes on and 10 minutes
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off as the minimum duty cycle. Indeed, at any given time, only two out of
the three motors are operating.

5.4.1.2 Daylighting

The use of daylighting controls to reduce the reliance on electrical
lighting systems to maintain visual comfort within indoor spaces is one
effective approach to significantly reduce the energy consumption in
commercial buildings. A typical daylighting control system is illustrated
in Figure 5.11, include a photo-sensors to measure the illuminance level
at various locations within the daylight space, controllers to determine
the required luminance output for the electrical lighting fixtures, and a
set of control strategies. Two common conventional control strategies are
used for daylighting systems including stepped and dimming controls as
outlined in Figure 5.12.

Energy Savings from Daylighting Controls: Several Studies indicated
that daylighting can offer a cost-effective alternative to electrical
lighting for commercial and institutional buildings. Through sensors and
controllers, daylighting can reduce and even eliminate the use of electrical
lighting required to provide sufficient illuminance levels inside office
spaces. Recently, a simplified calculation method has been developed by
Krarti et al. [3] to estimate the reduction in the total lighting energy use
due to daylighting with dimming controls for office buildings. The method
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Figure 5.11. Typical Daylighting Control System for an indoor space.
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Figure 5.12. Conventional (a) Dimming and (b) Stepped Control Strategies
for Daylighting Systems.

has been shown to apply for office buildings in the United States as well
as in Egypt [4]. The simplified calculation method is easy to use and can
be used as a pre-design tool to assess the potential of daylighting in saving
electricity use associated with artificial lighting for office buildings.

To determine the percent savings, f, in annual use of artificial lighting
due to implementing daylighting using daylighting controls in office
buildings, Krarti et al. [3] found that the following equation can be used:



where,

*  Aw/Ap: window to perimeter floor area ratio. This parameter
provides a good indicator of the window size relative to
the daylit floor area.

*  Ap/Af: perimeter to total floor area ratio. This parameter indicates
the extent of the daylit area relative to the total building
floor area. Thus, when Ap/Af = 1, the whole building can
benefit from daylighting.

* a and b: coefficients that depends only on the building location
and is given by Table 5.4 for various sites throughout the
world.

* 1, 1s the visible transmittance of the glazing

Table 5.4. Coefficients a and b of Eq. (5.24) for Various Locations Throughout
the World.

Location a b Location a b
Atlanta 19.63 74.34 Minneapolis 18.16 71.98
Chicago 18.39 71.66 Omaha 18.94 72.30
Denver 19.36 72.86 Casper 19.24 72.66
Phoenix 22.31 74.75 Portland 17.79 70.93
New York Montreal 18.79 69.83
City 18.73 66.96 Quebec 19.07 70.61
Washington Vancouver  16.93 68.69
D.C. 1869 7075 Regina 2000 7054
Boston 18.69 67.14 Toronto 19.30 70.48
Miami 25.13 74.82 Winnipeg 19.56 70.85
San Shanghai 19.40 67.29
Francisco 20.58 73.95 K-Lumpur  20.15 72.37
Seattle 16.60 69.23 Singapore 23.27 73.68
Los Angeles  21.96 74.15 Cairo 26.98 74.23
Madison 18.79 70.03  Alexandria  36.88 74.74
Houston 21.64 74.68 Tunis 25.17 74.08
Fort Worth 19.70 72.91 Sao Paulo  29.36 71.19
Bangor 17.86 70.73 Mexico91 28.62 73.63
Dodge City  18.77 72.62  Melbourne  19.96 67.72
Nashville 20.02 70.35 Roma 16.03 72.44
Oklahoma Frankfurt 15.22 69.69
City 20.20 7443 Kuwait 21.98 65.31

Columbus 18.60 72.28 Riyadh 21.17 72.69
Brismarck 17.91 71.50
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As an alternative to conventional controls, Seo et al. [5] have developed
an optimal daylighting controller. The optimal controller relies on an
outdoor sensor to regulate the operation of the indoor lighting fixtures
as outlined in Figure 5.13. Moreover, the optimal controller considers
the actual lamp performance data to estimate the spatial illuminance
distribution due to the electrical lighting system within an indoor space.
Moreover, the optimal controller can determine the optimal settings for
each fixture or lighting circuit within the space to maintain the desired
indoor illuminance levels at specific reference points such as workplaces.
In addition, the optimal daylighting controller can utilize only one outdoor
photo-sensor or can forgo totally any sensing system to maintain desired
indoor illuminance levels. Indeed, once the lighting system for an indoor
space is designed, the performance of the lighting system can be predicted
using detailed lighting simulation tools.

The lighting and daylighting simulation tool presented in [5] is utilized
to optimize the design of lighting circuiting layouts in buildings. Specifically,
a space with five possible lighting circuit layout options is considered as
illustrated in Figure 5.14. The lighting circuiting options in Figure 5.14
indicate how the lamps are physically wired. Each lighting circuit has its
own controller. For instance, the lamps in Option 1 are all wired to the same
circuit and are connected to one controller. Thus, in Option 1, the entire
space is one lighting zone controlled by one controller/photo-sensor system.
In Option 4, there are 3 lighting circuits associated to 3 lighting zones. Each
lighting zone is controlled by one controller. It should be noted that each
lamp illuminance output affects lighting level in all 3 zones. For the analysis
described in this section, it is assumed that the photo-sensor (i.e., the
reference point) in each lighting zone is located in the middle of the zone.

Table 5.5 compares lighting energy use savings obtained using opti-
mized daylighting controls with various window orientations and
circuiting layouts for a building space located in Golden, CO. As indicated
in Table 5.5, the lighting energy savings due to daylighting controls are the
highest (67.2%) in layout 5 when the windows are south facing. When the
windows are north facing, lighting energy savings ranging from 0.2% to
40% are obtained depending on the circuiting layouts. For east- and west-
orientated windows, lighting energy savings of 18% to 50% can be achieved.
The results outlined in Table 5.5 indicate that layout 5 provides the most
energy savings up to 40% relative to layout 1. For layout 2, the lighting
energy savings relative to layout 1 range from 1.4% to 6.6% depending
on the orientation of the windows. It should be noted that daylighting
control performance for layouts 4 and 5 are similar for east and west
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Table 5.5. Summary of Parametric Simulation Results for 4 Window
Orientations and S Circuiting Layouts (Golden, CO).

(a) Lighting energy saving relative to no daylight control

Layout1 Layout2 Layout3 Layout4 Layout$5

West 28.5% 33.2% 38.1% 49.4% 50.4%
North 0.2% 2.5% 8.4% 29.7% 40.2%
East 18.6% 19.8% 29.7% 43.1% 452 %
South 46.5% 49.9% 57.5% 61.6% 67.2 %

(b) Lighting energy saving relative to layout 1

Layout 2 Layout 3 Layout 4 Layout 5

West 6.6% 13.4% 29.2% 30.7%
North 2.3% 8.2% 29.6% 40.0%
East 1.4% 13.6% 30.1% 32.6%
South 6.3% 20.5% 28.2% 38.7%

orientations. However, layout 5 outperforms layout 4 for both south and
north orientations.

5.4.2 Optimal Start of HVAC Systems

After the energy crisis of the 1970’s, engineers found that building
utility bills can be reduced by 12% to 34% by merely implementing an
occupied thermostat setback [6]. During the cooling season, the unoccupied
zone temperature set-point is raised while during the heating season, the
set-point is lowered. In some mild climates, the indoor temperatures are
allowed to float during night periods rather than defined by a night set-point.
However, the winter night setback is typically set between 13°C (55°F)
and 15.5°C (60°F). Thus, building indoor temperature is colder than its
occupied set-point in the early mornings. Due to the building thermal mass,
the heating system has to be turned on earlier than the scheduled occupied
time to achieve thermal comfort when people first enter the building.

The amount of time a building takes to recover from its night setback
to its occupied set-point is usually referred to as the building recovery time.
The length of the recovery period depends on several factors including
outdoor ambient temperatures, indoor temperatures, and building thermal
characteristics. Therefore, the recovery period can vary daily throughout
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the heating season especially in climates with sudden changes in the
outdoor temperatures. However, the recovery time is typically set to be
the same throughout the entire heating season by building operators to
simplify the start controls of the heating system. This recovery time is
defined as the earliest time the heating system needs to be started for the
coldest day of the year. While, this approach may achieve thermal comfort
at the start of the occupancy periods throughout the heating season, it does
not ensure optimal start times for the heating system especially during
mild winter mornings.

With an energy management and control systems (ECMS), algorithms
can be developed to determine the optimum start times and thus the best
recovery periods. Several algorithms have been suggested in the literature.
Typically, the recovery times are adjusted daily based on outdoor ambient
temperatures and initial building zone temperatures (which may not be
necessarily close to the set-point temperatures during unoccupied periods).
In the following sections, some of the simplified algorithms for estimating
building recovery times are presented.

Method 1: A linear relationship between recovery times, ¢, and outdoor
ambient temperatures, T, .-

t=a,+a,T, (5.25)
Where,
Tmax T amb,max
ap =Tmax +
Tamb,zero - Tamb,max
and,
T
a =— max

Tamb,zero - Tamb,maX

with:

s 1, 1s the maximum recovery period

* T, nb.max 18 the outdoor ambient temperature during the time when
the maximum recovery period is obtained.

*  Tmbsero 18 the outdoor ambient temperature during the time when

the recovery period is zero.

It should be noted that the approach presented by Eq. (5.25) is relatively
easy to implement since it does not require any regression analysis to
determine the relation coefficients a, and a,.
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Method 2: A linear relationship between the recovery time, ¢, and both
outdoor ambient temperature, 7, ,, and initial zone temperature, 7, Jone.nitial

1= aO + alTamb + aZTzane,initial (526)

Where the coefficients a, a,, and a, are determined based on a
regression analysis. This approach is first developed and implemented
by Jobe and Krarti [7]. To determine the regression coefficients, it is
recommended that data for at least 5 days be used.

Method 3: A quadratic relationship between the recovery time, ¢, and

both outdoor ambient temperature, 7, .. and initial zone temperature,

Jone.initiar USINE @ weighting function in the form of:

2
T =ao +waiTymp + (1 - W)-[aZTZDne,initial + a3Tzone,initial]

(5.27)

Where the weighting parameter w is defined as follows:

*(Tzone,initial _Tsetnighy
W= 1000 (Tzone,/inal *rvetnighl)

with
T oimight is.the night (o.r unoccupied) setback temperature
e T,. final 18 the occupied set-point temperature

The approach presented by Eq. (5.27) is proposed by Seem et al. [§]
based on results from computer simulations.

A comparative analysis performed by Jobe and Krarti [7] between the
three approaches indicated that all three methods can reduce the start-up
time for the heating system and thus save energy compared to the common
approach that relies on setting the maximum recovery time throughout the
entire heating season. Table 5.6 summarized the daily average reduction
time in recovery period for two educational buildings located in Colorado
using the three approaches discussed above.

It is clear from the results presented in Table 5.6 that the approach
described as method 2 provides the highest recovery time reduction
while providing adequate thermal comfort within the two buildings. For
the two buildings used in the comparative analysis, the recovery time
was found to vary rather linearly with outdoor ambient temperatures.
Therefore, and since method 3 places more emphasis on indoor air
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Table 5.6. Daily Average Reduction in Recovery Periods for Two Buildings
Located in Colorado [7].

Percent
reduction
Predicted Reduced from
Maximum recovery start-up maximum
Building # recovery period period time recovery
method # (min) (min) (min) Period
Building 1
Method 1 90 64 26 29%
Method 2 90 53 37 41%
Method 3 90 77 13 14%
Building 2
Method 1 75 19 56 74%
Method 2 75 19 56 74%
Method 3 75 28 47 62%

temperatures [refer to Eq. (5.27)], it may not be adequate for the
considered buildings.

5.4.3 HVAC Equipment Operation
5.4.3.1 Outdoor Air Intake Controls

Due to the increase in the number of occupant complaints regarding
poor indoor air quality (IAQ) and the increase in buildings diagnosed with
sick building syndrome, the control and measurement of outside air intake
rates has come to the forefront of attention of many HVAC engineers
and designers. The majority of HVAC system designers today rely on the
ASHRAE “Ventilation Rate Procedure” described in ASHRAE Standard
62 [9], Ventilation for Acceptable Indoor Air Quality. ASHRAE Standard
62 specifies minimum ventilation rates as a function of building use and
occupancy to provide adequate IAQ for conditioned spaces.

Unfortunately, the necessary monitoring equipment and control logic
to maintain minimum outdoor intake rates are often nonexistent or are
used improperly if they are installed. Consequently, several commercial
buildings, and in particular those with Variable Air Volume (VAV)
systems, have been found to have inadequate ventilation [10]. The use
of appropriate airflow measurement or VAV control techniques is critical
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to maintain minimum outside air intake rates. In a recent work [11],
theoretical and experimental analyses have been performed to determine
the accuracy of various techniques for outside airflow measurement and
control applicable to VAV systems.

In economizer systems, the size of the outside air duct must be
large enough to safely provide 100% of the design flow. This large size,
however, results in very low airflow velocities during minimum outside
air intake rate mode which can make measurement difficult with pressure-
based airflow measurement devices.

Table 5.7 summarizes the results of an experimental comparative analysis
performed by Krarti et al. [12] to evaluate some of the control techniques
for outdoor air intake under repeatable laboratory conditions. Specifically,
Table 5.7 provides the average value, the standard deviation, the root
mean square of the outdoor air intake flow rate, and the validity of each
measurement and control method tested in a laboratory set-up. In particular,
three measurement techniques are used to determine the air flow rates:
averaging pitot-tube array station (P), electronic thermal anemometer (E),
and CO, concentration balance technique (C). For more details on these
measurement techniques, the testing set-up, and the experimental results,
the reader is referred to Krarti et al. [12].

The percentages listed in Table 5.7 in the column labeled “validity”
were calculated from Eq. (5.28):

ny

validity = — (5.28)
n

where: n = the number of valid data points

Each test presented in Table 5.7 is subject to errors from the airflow
measurement and the control technique used. Each 10-second data point,
X, recorded during testing was considered valid if it met the following two
conditions:

1) ‘xi — set point‘ < (set point-lO%)

and

2) % <15%
Xi
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where: e, = the predicted error for the airflow measurement in the
laboratory

The first condition attempts to account for the accuracy of the control
technique by requiring the data point to be within 10% of the set point.
The second condition attempts to account for the accuracy of the airflow
measurement technique by requiring the predicted error of the data point
to be less than 15%.

In summary, accurate measurement and control of outside air intake
rates in VAV systems is possible when careful attention is paid to proper
installation and operation of system equipment. In systems where uniform
airflow profiles exist, the use of an averaging Pitot-tube array or an
electronic thermal anemometry, depending upon the expected velocities,
for the direct measurement of outside airflow rates allows for direct
control of minimum outside air intake rates. When these conditions are
not met, the installation of a separate, dedicated minimum outside air duct,
or the use of the concentration balance airflow measurement technique
provide adequate alternatives. However, calculating the outside airflow
rate using a temperature balance will not provide accurate results for all
building operating conditions. Plenum pressure control in systems where
measurement of the outside airflow rate is not possible should provide
adequate control of minimum outside air intake rates. The traditional
CAV control strategy of a fixed minimum outside air damper position,
and the more robust volumetric fan tracking technique are not capable of
accurately controlling outside airflow rates in VAV systems.

5.4.3.2 Demand Ventilation Controls

In order to ensure that ventilation is provided only occupants are
present in spaces, demand controlled ventilation or DCV controls have
been developed. Strategies for the use of CO,-based DCV controls
have been suggested evaluated by several studies. Most of these studies
[13-18] have focused on the potential energy savings of the CO,-based
demand controlled ventilation systems, with CO, concentration reported
as a measure of the [AQ performance. Strategies with both constant-air-
volume (CAV) and variable-air-volume (VAV) HVAC systems have been
developed. In computer simulation modeling, researchers compared the
performance of several ventilation strategies, including constant outdoor
airflow at the ASHRAE Standard 62, minimum outdoor airflow at the
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typical rate with temperature-based economizer, DCV with a step-flow
control algorithm, DCV with a step-flow control and a temperature-based
economizer, and DCV with On-off control. The on-off control used an
algorithm in which outdoor airflow is set at 100% if the high CO, set-
point is exceeded and at 0% if the CO, concentration drops below the low
set-point.

Other researchers used DCV control strategies and/or variations of
these strategies in real buildings. In summary, control strategies applied in
fields so far include:

The ASHRAE Standard 62 (20 cfm/person in office buildings).
The on/off control strategy [19-20].

The proportional control strategy [21-23].

The step-flow control strategy [24-25].

O

Alawi and Krarti [26] have evaluated the effect of various CO,-
based demand controlled ventilation strategies on HVAC system energy
consumption under controlled and repeatable test conditions. Three control
strategies were evaluated: (i) the base case control strategy that controls
the outside/re-circulated damper to provide a fixed outside air fraction
equivalent to 20 cfm/person; (ii) the ON/OFF control strategy that opens
and closes the damper as a function of the CO, level deviation from the
set-point; (iii) a PID controller that controls the damper position according
to the error involved in the control process. Another control strategy was
also evaluated with the damper controlled proportionally to the zone CO,
concentration level.

The main findings of Alawi and Krarti experimental analysis include
[26]:

*  ASHRAE minimum outdoor air ventilation rate (20 cfm/person)
is needed to maintain an acceptable indoor air quality of less
than 1000 ppm of CO, concentration within an office space. The
experiments performed at lower ventilation rates showed that
these rates do not guarantee that the CO, concentration level is
kept below the limit (1000 ppm).

*  APID controller can maintain acceptable indoor CO, level with the
minimum outdoor air requirements, followed by the proportional
control and lastly the ON/OFF control. A reduction of about 33%
can be obtained when applying the PID controller instead of the

226



1400
13001
1200+

oy
=)
il

1000+
900 1
8001

(ppm), Supplied cfm

~
o
o

600 1

500 -apn,

CO, Level

‘/ +12

Occupancy

Schedule \‘

400 A
I 3001

CO_2 Concentration

200 A
1001

Number of People

Outdoor Air Flow

LT

0
0

1200

30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540 570 600
Time (min)
(a): ON/OFF DCV Control

1100 4

1000 4

(ppm), Supplied cfm

CO_2 Concentration

CO, Level

Occupancy
Schedule \

Outdoor Air Flow

[e ]
Number of People

0
60 120 180 240 300 360 420 480 540 600
Time (min)
(b) PID DCV Control

Figure 5.15. Outdoor air flow and CO, variations using DCV controls.

ON/OFF control strategy. Figure 5.15 compares the performance
of both ON/OFF and PID DCV controls to maintain acceptable
indoor air quality within an office space.

The one-zone controls to maintain both indoor CO, concentration
and temperature settings indicate that the ON/OFF control strategy
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provides the minimum outdoor air requirements followed by the
PID controller (as designed and implemented in their study) with
a percent reduction of about 48.4% and 39.6%, respectively. The
two-zone experiments, however, showed that the PID provided
the lowest requirement of outside air by about 22.4%. Table 5.8
summarizes the experimental results to assess the performance of
various DCV control strategies [26].

5.4.3.3 Radiant Slab Heating Systems

Radiant floor panel heating systems are widely used in several
European and Asian countries. They consist of embedded hot water coils
in floor slabs of residential and commercial buildings to provide space
heating as illustrated in Figure 5.16 [27]. Control strategies of radiant floor

Table 5.8. Comparative Analysis of Various DCV Control Strategies.

One-zone Controls of CO, and Temperature Set-points

Parameters Base case On/Off PID

Total volume of air (ft%) 108,101 55,794 65,248

o ..

% Reductlon in volume B 48 4 396
of air

Maximum CO, level 360 956 983
(ppm)

Du.rat.lon C.O2 exceeds 0 21 35.1
limit (min)

Average outside 80.9 81.9 84.2

temperature (F)

Two-zone Controls of CO, and Temperature Set-points

Parameter Base case On/Off PID

Total volume of air (ft?) 245,974 299,602 190,858

. S

% redpctlon in volume _ 218 22.4
of air*

Maximum CO, level 855 1007 965
(ppm)

Du'ratilon COZ exceeds 0 72.3 13.8
limit (min)

Average outside 80.5 68.2 80.3

temperature (F)

*A (—) sign indicates an increase in the volume or energy consumption
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Figure 5.16. Ground-coupled heat transfer for a typical hot water radiant floor
heating.

heating systems on slab-on-grade foundation are more challenging than
those utilized to operate conventional hot air-heating systems. Due to the
inherent time lag of ground-coupled heat transfer, the control of radiant
floor heating system can be difficult in order to maintain indoor space
temperature and thermal comfort within acceptable range.

Conventional control strategies for radiant floor heating panels
typically maintain space temperature using mostly temperature or heat flux
modulation techniques. Temperature-modulation control sets the supply
water temperature to be proportional to outdoor temperature or to the
difference between a desired set-point and room air temperatures. Although
flux-modulation control attempts to ensure that a slab delivers heat to the
space at a rate per unit area proportional to the difference between the room
air temperature and the slab surface temperature. The heat flux provided to
the slab is proportional to the difference between the supply and return water
temperatures. Typically, three temperatures are considered for the radiant
slab systems to in maintain indoor thermal comfort: mean air temperature
(MAT), mean radiant temperature (MRT), and operative temperature (OT).
Based on a detailed analysis of Thm and Krarti [28], Figure 5.17 presents
the total heating energy use and the number of hours when thermal comfort
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Figure 5.17. Comparative of the three conventional controls for radiant slab
heating system. (Continued)
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Figure 5.17. Comparative of the three conventional controls for radiant slab
heating system.

levels exceed the acceptable range (i.e., —0.5 < PMV < +0.5) for the three
conventional controls during a cold day in Denver, CO. As shown in Figure
5.17, total heating energy use is generally proportional to the increasing set-
point temperature for all three control strategies. Depending on the control
strategy, lower set-point temperature can save some heating energy use at
the expense of a reduction in indoor thermal comfort. To further evaluate
the performance of control strategies, the set-point temperatures are selected
based on both achieving low energy use and satisfying building thermal
comfort. Therefore, the set-point temperatures are chosen as 20°C for MAT-
based control, 24°C for MRT-based control, and 22°C for OT-based control
for further analysis.

Due to the dynamic characteristics of the radiant floor systems,
optimal controls could be more appropriate than conventional controls to
reduce energy consumption while maintaining building thermal comfort.
The controlled variable to optimize building energy use is selected as
time-varying indoor set-point temperature during one day to minimize the
total daily operating cost taking into account the constraint of maintaining
indoor space temperatures within a range defined by upper and lower
temperature limits.
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For the optimal control strategies, the objective function is
constrained by the condition that thermal comfort has to be maintained
during the occupied hours within acceptable levels. That is, the space
indoor temperature should be kept within pre-defined indoor set-point
temperature limits. Simmonds [29] used optimal controls to demonstrate
that additional energy savings could be achieved by HVAC system if
the control is based on maintaining the Fanger’s predicted-mean-vote
(PMV) index rather than the dry bulb temperature within a thermal
comfort range. In general, a PMV value within 0.5 is acceptable for
thermal comfort according to ASHRAE [30]. Thus, desired PMV values
can be used as constraints of the objective function to keep proper
indoor thermal comfort conditions during the occupied period using the
following condition:

—~0.5<PMV<+0.5 (5.29)

Thus, the optimal control seeks to minimize the total energy use of
radiant floor heating systems for any 24-hour period as a function of the
building thermal characteristics, HVAC system, and outdoor environment
with Eq. (5.29) as a constraint.

In the analysis discussed by Thm and Krarti [28], the objective function
to be minimized is defined as the total energy cost of heating the building
constrained by thermal comfort (PMV) as expressed by the following
equation:

24
C =) {E +P(PMV,)} (5.30)

k=1

Where,

*  (: Total energy cost during a day combined penalty

* k: Hour

* E,: Total energy use in a building at hour £

e P: Penalty when it PMV violates with the thermal comfort
range.

*  PMV,: Thermal comfort index (Predicted Mean Vote) at hour &

Figure 5.18 shows the set-point temperature and MAT variation for
both optimal and MAT-based controls when the slab thickness is 5 cm.
The predicted set-point temperatures by optimal control vary at each
hour while those of conventional MAT-based control are set to be 20°C
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Figure 5.18. Comparison of setpoint temperature and MAT variation for both
optimal and MAT-based controls for 5 cm thickness slab on Jan 21 in Denver,
CO.

during the occupied hours of day [28]. The total heating energy use
associated with in optimal control (46.9 MJ) is less than that required by
the MAT-based control (70.0 MJ). It should be noted that the maximum
heating energy for the optimal control is higher than that for the MAT
control. However, the optimal control uses more effectively the high
thermal mass of slab-on-grade floor and the ground to reduce total
heating energy while maintaining acceptable thermal comfort levels for
the occupants.

Several thermal comfort models have been proposed to predict the
thermal sensation of people using personal, environmental, and physi-
ological variables that influence thermal comfort. EnergyPlus incorporates
three thermal comfort models including: (i) Fanger comfort model using
the predicted mean vote (PMV) developed by Fanger [31], (ii) Pierce
two-node model using the predicted mean vote modified by effective
temperature (PMVET) developed by J. B. Pierce Foundation [32], and (iii)
KSU two-node model using the thermal sensation vote (TSV) developed
by Kansas State University [32]. The performance of the optimal controls
for radiant slab systems depend on the thermal comfort model considered
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in the optimization. Table 5.9 summarizes the total building heating energy
savings attributed to optimal controls relative to the MAT-based control. It
indicates that optimal controls can reduce total building energy by 26.9%
based on Fanger model, by 29.5% based on KSU two-node model, and by
7.7% based on Pierce two-node model. The lower savings obtained for the
Pierce model is expected since it has a 9-point thermal sensation scale (4
to —4) rather than the 7-point thermal scale (3 to —3) of Fanger and KSU
models.

The potential savings associated with optimal controls depend on the
thermal mass of the slab floor. Table 5.10 summarizes the total building
heating energy savings attributed to optimal controls relative to MAT-based
controls for various slab thickness values. The results indicate that optimal
controlscanreducetotal buildingenergy by 30.1% for5-cmslab, by 26.9% for
10-cm slab, and by 22.7% for 15-cm slab.

5.4.3.4 Cooling/Heating Central Plant Optimization

Cooling and heating central plants offer several opportunities to
reduce energy operating costs through optimal or near-optimal controls for
individual equipment (local optimization) and for the entire HVAC system
(global optimization). Although optimal controls have been developed

Table 5.9. Comparison of the Performance for MAT-Based and Optimal
Controls for Three Thermal Comfort Models.

Optimal control total

Comfort model heating energy [MJ] Savings [%]
Fanger 54.7 26.9
KSU 52.2 29.5
Pierce 57.7 7.7

Table 5.10. Comparison of the Performance for MAT-Based and Optimal
Controls for Various Values of Slab Thickness.

MAT control Optimal control Percent saving
Slab total heating total heating in total building
thickness energy [MJ] energy [MJ] energy [%]
5 cm 70.0 46.9 30.1
10 cm 74.0 54.7 26.9
15 cm 74.5 59.8 22.7
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and implemented for various components of cooling and heating central
plants, global optimization remains considerably a complex endeavor and
only few strategies have been suggested and tested.

In this section, some of the local optimal control strategies are
discussed. Moreover, operating strategies for entire cooling/heating plants
are briefly discussed.

(a) Single Chiller Control Improvement

Before replacing an existing chiller, it may be more cost-effective to
consider other cooling alternatives or simple operating strategies to improve
cooling plant energy performance. In particular, a significant improvement in
the overall efficiency of a chiller can be obtained through the use of automatic
controls to:

*  Supply chilled water at the highest temperature that meets the
cooling load.

*  Decrease the condenser water supply temperature (for water-cooled
condensers) when the outside air wet bulb temperature is reduced.

(b) Controls for Multiple Chillers

When a central cooling plant consists of several chillers, a number
of control alternatives exist to meet a building cooling load. Effective
controls would select the best alternative for operating and sequencing the
chillers to minimize the cooling plant operating costs.

Simple guidelines can be followed to operate multiple chillers at near-
optimal performance. Typically, chiller operating variables such as chilled
water temperature and condenser water flow rate are adjusted to ensure
optimal controls. Some of the near-optimal control guidelines to operate
electrically driven central chilled water systems are summarized below [33]:

«  Multiple chillers should be controlled to supply identical chilled
water temperatures.

*  For identical chillers, the condenser water flow rates should be con-
trolled to provide identical leaving condenser water temperatures.

* For chillers with different capacities but similar part-load per-
formance, each chiller should be loaded so the at the same load
fraction. The load fraction for a given chiller can be set as the ratio
of its capacity to the sum total capacity of all operating chillers.
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To determine the optimal chiller sequencing, a detailed analysis is
generally needed to account for several factors including the capacity and
the part-load performance of each chiller and the energy use associated
with all power-consuming devices such as distribution pumps.

(c) Controls for Multiple Boilers

The use of an array of small modular boilers provides more energy
efficient heating system than a single large boiler especially under part-
load operation conditions. Indeed, each of the modular boilers can be
operated close to its peak capacity and thus its highest energy efficiency.
To optimally operate multiple boilers, it is important to know when to
change the number of boilers on-line and/or off-line. The mere addition
of'a second boiler on-line when one boiler cannot handle the load may not
provide the minimum operating cost. Indeed, the increase of firing rate
(due to additional heating load) on any given boiler can cause a decrease
in thermal efficiency due to higher flue-gas temperatures and thus higher
thermal losses. However, the addition of a second boiler on-line increases
the standing losses due to auxiliaries and the thermal losses through
the added casing and piping of the second boiler. Therefore, a detailed
analysis is needed to determine the changeover points for the multiple
boilers. These changeover points depend on the characteristics of each
boiler [33].

5.4.4 HVAC Systems with Thermal Storage

5.4.4.1 Precooling of Building Thermal Mass

The storage capabilities of a building structure can be used to shift
a portion of on-peak cooling loads to off-peak periods and thus reduce
electrical demand and energy charges. This measure can be achieved by
precooling the building thermal mass. Reported studies [34—35] have
shown that when an effective control strategy is used, up to 35% in energy
cost savings can be achieved when an effective control strategy is used to
determine when and how much to precool the building. Some additional
savings in operating costs can be achieved if free cooling is used for
precooling when cool outdoor air temperature is introduced to the building
during the night using the air handling fans. In some cases, the cost of
operating air handling fans may be less than the reduction in operating
costs for mechanical cooling during occupied periods.
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Pre-cooling building thermal mass is an example of the application of the
EMCS to reduce operating costs. Pre-cooling of the building thermal mass can
be effective at lowering building operating costs. This strategy can have a large
impact when chillers have high loads during periods of high occupancy and
high outdoor temperatures (which typically coincide with on-peak periods in
rate structures). By reducing the on-peak cooling load it is possible to reduce
chiller energy use during these critical periods, thereby reducing energy costs.

The pre-cooling control strategy is illustrated in Figure 5.19 and compared
with conventional night setup control. Precooling starts with a constant
temperature set point tpre, typically during the night. The warm-up period is
then used to reset the zone air temperature set point so that the cooling system
turns off without calling for heating. During this time, the zone air is warmed
by lighting and equipment loads. The occupied set point, tocc, is set at the low
end of the comfort region so that the building mass charge is held as long as
cooling capacity is available. This set point is maintained until the limit on
cooling capacity is reached. After this point, temperatures in the zones float up
and the building thermal mass provides additional cooling.

Based on long-term simulation analysis, the annual energy cost
savings associated with pre-cooling has been estimated for various time-
of-use utility rates [36]. For time-of-use rates, on-peak to off-peak ratio for
energy and demand charges is defined as follows:

Re: ratio of on-peak to off-peak energy charges:

_ PeakEnergyRate($/kWh)
Off — PeakEnergyRate($/kWH)

(5.31)

€

t .
setpoint —— PRECOOLING STRATEGY
L S (o NIGHT SETUP CONTROL

tOCC
tpre
| |
» TIME
I occupiep PERIOD |
6:00 A.M. 7:30 PM.

Figure 5.19. Typical indoor air temperature set points for precooling controls.
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Rd: ratio of on-peak to off-peak demand charges:

PeakDemandRate($/kW)
Ry = (5.32)
Off — PeakDemandRate($/kW')

Figures 5.20 and 5.21 show the variation of the annual energy cost
savings for a typical office building located in four US locations due to a
4-hr pre-cooling period as a function of R, and R, respectively. The office
building has a heavy thermal mass of 105 Ibm/f2 (513.7 kg/m?) and the
time-of-use rate has an 8-4r on-peak period [36].

Using detailed simulation analysis for 16 US climates, Katipamula et
al. [37] estimated the potential energy savings associated with precooling
of commercial buildings. The results of the simulation analysis are
summarized in Table 5.11 for most of the building types in all 16 climates.
The potential savings using pre-cooling strategies can be substantial for
most building types and climates where economizer cooling potential is
modest and the annual sensible load is dominant.

Annual Savings vs. Re
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Figure 5.20. Annual energy cost savings due to pre-cooling relative to conventional
controls as a function of R .
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Figure 5.21. Annual energy cost savings due to pre-cooling relative to conventional
controls as a function of R ;.

Table 5.11. Pre-Cooling Energy Savings Potential for 16 US Climates.

Building type Minimum Maximum Average
Office, small 59% 77% 70%
Medium 13% 52% 37%
large 21% 61% 40%
Retail, standalone 56% 73% 66%
strip mall 45% 63% 56%
Primary school 46% 55% 51%
Secondary school 32% 49% 43%
Hotel, large 16% 57% 44%
Supermarket 59% 78% 68%
Warehouse 50% 81% 69%
Outpatient 65% 83% 78%
Hospital 48% 76% 64%
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5.4.4.2 Passive and Active Thermal Energy Storage Systems

There are two common approaches to store cooling thermal energy
in buildings: active and passive systems. The active systems consist of
ice or chilled water storage tanks, commonly known as thermal energy
storage (TES) systems, which are charged at night and discharged during
the day. The passive systems utilize the thermal mass of the building
materials to pre-cool the building at night when the electrical rates are
low. Both active and passive systems have been used to shift some of
the cooling loads from on-peak to off-peak utility rate periods. Several
benefits can be incurred from reducing on-peak electrical demands. From
a building owner’s point of view, the prime motivation for load shifting
is to avoid high energy rates and to reduce the overall demand charges.
From the power utility’s perspective, however, the benefit of active or
passive storage systems is their effectiveness in reducing peak electricity
demand [38].

Some studies have considered the use of both passive and active
TES systems to reduce or even eliminating on-peak cooling demands
and thus reduce demand charges associated with operating the cooling
system [38—40]. Optimal control takes advantage of the building thermal
capacitance to minimize the operating cost over a specified period of time
such as a day while meeting some required constraints. Building loads are
shifted to off-peak hours by proper adjustment of space temperature set
points (thermostat settings) throughout the day.

The control strategies for both passive and actives TES systems can
include:

»  Conventional controls without load shifting (i.e., no pre-cooling
of building thermal mass and no utilization of ice storage system)

* Pre-cooling of building thermal mass (typically unoccupied
periods) to reduce peak cooling loads [41].

e Chiller-priority control strategy through the operation during
on-peak periods of first the chiller (with a capacity smaller than
the peak cooling load) and then the ice storage tank to meet any
thermal load above the chiller capacity [40-41].

*  Storage-priority control strategy through the operation during on-
peak periods of first the ice storage and then the chiller to meet
cooling thermal loads. The storage-priority control is set so the ice
tank is not discharged prematurely [34—40].
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»  Optimal control is that control trajectory that minimizes the combined
energy and demand charges over the simulation period. The objective
function to be minimized is the total cost (i.e., including both energy
and demand) of the cooling system. The total cost of the cooling
system is represented mathematically as [40, 42]:

K
C =10 Pnaxo +74 1 Pnax,1 + z Ve#(k)P(k)At (5.33)
k=0

where:

C = The combined cost including both energy and demand charges,

r, o= Off-peak demand charge $/kW,

r,; = On-peak demand charge $/kW,

P, .., =Peak demand incurred in rate period v (v = 0 for off-peak,
" andv=1 for on-peak),

r,= Energy charge $/kWh,

K = Total number of hours in the simulation period,

P(k) = Total cooling and non-cooling plant power consumption at k,

g (k) =0 if k is during off-peak period, and 1 if k falls during on-peak
period, and.

Dt = Time interval of one hour.

* For the case where only energy charges are minimized, the cost
function is reduced to [40]:

K
Cenergy = z re,y(k)P( k) At (5.34)
k=0

*  On the other hand, if only the demand charges are minimized, the
cost function becomes [40]:

Cdemand = rd,() Pmax,O + rd,] P (535)

max, 1
*  Thus, the optimal control that seeks to minimize the combined
energy and demand charges has the following cost function:

c=cC +C

energy demand

(5.36)

»  The electrical energy cost represents the total cooling plant power
consumption multiplied by the energy charge $/kWh. The electric
demand cost on the other hand, is generally based on the customer’s
maximum electrical power over 1 month. The maximum electrical
power P__ is defined as the maximum value of electrical power
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consumed in the building during on-peak period of the day.
Because the simulation period of this research study is assumed
to be a day (i.e., 24-hour period), the electrical demand cost (i.e.,
demand charge multiplied by P__ ) is discounted by a factor of 30
to reflect the charges associated to one day in a typical month (i.e.,
average demand daily cost).

Under controlled laboratory testing conditions, Hajiah and Krarti
[43] have performed a series of experimental analysis to compare the
performance optimal controls for passive and active TES systems against
that of conventional controls. The results of the experimental analysis
for the three control strategies are summarized in Table 5.12. The results
indicate significant cost savings can be achieved using the optimal controls
compared to the conventional control strategy especially for the demand
cost optimal control. Indeed, when charges are optimized, 13.2% savings
in demand charges are obtained with 9.9% savings in total charges. When
total charges are minimized, more 10.8% cost savings can be achieved.

The ice storage system optimal controller achieved total cost savings
of 10.8% relative to the conventional control (system operating during
occupancy hours only with no pre-cooling). However, higher savings
of 28.1% in the total daily operating cost are obtained with the use of
the combined optimal controller (i.e., use of both pre-cooling and ice
storage) relative to the conventional control. This result illustrates clearly
the advantage of using both passive thermal energy storage system (i.e.,
building thermal mass) and an active thermal energy storage system (i.e.,
ice storage tank) to minimize total building energy costs.

Table 5.12. Cost Savings Obtained for Optimal TES Control, Optimized Pre-
Cooling, and Optimal Control Using Both Building Thermal Mass and Ice
Storage System.

Energy Demand Total Savings in total

Control type cost ($) cost ($) cost ($) cost (%)

Conventional (no TES 106.1 34.4 140.4 —
system)

Optimized pre-cooling 91.3 28.2 119.5 14.9

Optimized ice Storage 96.0 293 125.3 10.8
System

Optimized pre-cooling 81.0 20.0 101.0 28.1
and ice storage
system
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Model predictive controls applied to commercial buildings require
short-term weather forecasts to optimally adjust set points in a supervisory
control environment. Predictive control strategies for both passive and
discrete thermal storage systems have been field-tested [44]. Morgan
and Krarti [44] investigated performance of various control strategies for
combined passive and discrete TES systems in a Colorado elementary
school equipped with an ice storage system. The predictive optimal
control strategies were developed using an EnergyPlus-based simulation
environment [45]. The simulation environment was found to be effective
in defining and implementing predictive optimal controls for both passive
and discrete TES systems for the buildings. Figures 5.22 and 5.23 show
examples of the field testing results for the building energy use performed
by Morgan and Krarti [44].

5.4.4.3 Neural Network Controls of Thermal Energy Storage Systems

Several model-based optimal TES control strategies have been proposed
in the literature [34, 38, 40, 46]. These optimal control strategies are generally
obtained through optimization techniques and computer simulations and
are difficult to implement in the field. An optimal TES controller using
self-learning neural networks has been proposed and tested in full-scale
laboratory conditions [47].
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Figure 5.22. Building electricity use profiles for 6 hour predictive optimal
control.
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Figure 5.23. Building electricity use profiles for 24 hour predictive optimal
control.

The NN-based optimal controller is developed to minimize the operating
cost of the cooling plant within a 24-hour period. In addition to NN-based
equipment models for the chiller and the TES system, the NN-based
optimal controller utilizes a training network and a predictor network. The
equipment models are based on feed-forward networks while the training
and the predictor networks use recurrent networks that compute output
vectors sequentially in time. The training network learns the relationship
between the controlled and uncontrolled variables and the cooling plant
operating conditions (such as electrical power consumption for the chiller
and charging/discharging rates for the TES system). The training network
weights are then passed to the predictor network to act as the activation
functions. The main goal of the predictor network is to find acceptable set-
points for the control variables that minimize operating cost. Massie [47]
used two control variables to control the TES system: chiller set-point
temperature and the primary loop three-way valve position. Then, charging/
discharging rates for the TES system can be determined using values for the
chiller set-point temperatures and the three-way valve positions.

Using laboratory conditions, the NN-based optimal controller has
been implemented and found to be capable of operating an ice-storage
system for least cost under various utility rate structures [47]. Figure 5.24
illustrates the performance of NN-based optimal controller for a typical
office building under a strong price incentive. Specifically, the utility rate
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is characterized by demand and energy charge ratios of 5 (i.e., ratios of
on-peak to off-peak charges). The on-peak period starts at 8:00 AM and
ends at 7:00 PM. As depicted in Figure 5.24, the non-cooling electrical
load between 7:00 PM and 22:00 PM is dominant compared to the
cooling electrical load associated with the cooling plant operation. Due
to the strong incentive for load shifting, the NN-based optimal controller
begins charging the ice storage system at the start of the off-peak period
(i.e., 7:00 PM) by lowering the chiller set-point temperature to its lowest
value (26°F [-3.3°C]). The charging process continues until the end of
the off-peak period (i.e., 8:00 AM). Between 8:00 AM and 12:00 noon,
the NN-controller opts to use the chiller to fully meet the building cooling
load instead of discharging the ice storage system. This action is justified
by the fact that the non-cooling load profile allows for additional power
consumption (from the chiller) during the period between 8:00 AM and
12:00 noon without any increase in the on-peak demand charges. Starting
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Figure 5.24. NN-based Optimal Control Strategy for a typical office under
strong price incentive (Massie, 1998).
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from 12:00 noon when the non-cooling load returns to its maximum value,
the NN-controller utilizes the ice storage system as well as the chiller to
meet the building cooling load.

5.5 Summary

In this chapter, an overview of basic components and applications of
HVAC control systems has been presented. In particular, the energy cost
savings incurred by various functions of energy management and control
systems (ECMS) have been illustrated through selected examples and
applications. In addition to being knowledgeable of the currently available
control systems and applications, the reader should be aware of the
development in the intelligent control systems especially those applicable
to HVAC systems.
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6 Combined Cooling, Heating, and Power
Systems for Buildings

Ming Qu, Omar Abdelaziz, Patrick Phelan, and Bahman Habibzadeh

Abstract

Combined Cooling, Heating and Power (CCHP) is an efficient,
clean, and reliable approach to generating power and thermal energy
simultaneously from a single fuel source on site. A CCHP system is usually
designed to provide power in the form of electricity while recovering the
available waste heat for serving heating and/or cooling load. We start this
chapter with an overview of the state-of-the-art in CCHP systems applied
to commercial and residential buildings to maximize their primary energy
efficiency. We continue with a discussion of available prime mover options
ranging from classic technologies, such as internal combustion engines, to
emerging technologies such as thermoelectric generators. We also discuss
different heat recovery concepts along with their limitations and design
challenges. These include gas-to-gas heat exchangers, gas-to-liquid heat
exchangers, and condensing economizers, as well as advanced concepts
such as transport membrane condensers. We then present the available heat
pump technologies that can be matched with the different prime movers to
service the building heating and/or cooling load. These heat pump options
include classic thermally activated technologies such as the absorption
and adsorption heat pumps as well as other emerging technologies such as
thermo-acoustic heat pumps and the Vuilleumier cycle.

A properly designed building CCHP can meet the entire building
thermal load and offset significant electricity consumption at higher
primary energy efficiency compared to conventional technologies —
heating equipment and purchased electricity from the grid. To guide the
design if building CCHP, we first address the two approaches to sizing
CCHP and identifying system configurations: electric load following and
thermal load following. We also present sample thermal and electric load
profiles for different types of buildings and present a step-by-step CCHP
system design and integration for a health care facility. Furthermore, we
discuss several of the system integration challenges. Finally, we present a
quick discussion on the economic and feasibility assessment of building
CCHP systems.
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6.1 Introduction

Combined Cooling, Heating, and Power (CCHP), also known as
trigeneration, is the sequential or simultaneous on-site generation of
power, heating, and cooling from a single fuel source in a single integrated
system. Compared to conventional systems, CCHP systems synergistically
use the maximum potential of fuel for the end-use application. In a
conventional system, electricity is supplied from the grid for the various
electric loads; heating is supplied through fossil-fired equipment, electric
heater or electric heat pump; and cooling is provided by using electric air
conditioning. On the other hand, a CCHP system will use a fuel to run a
prime mover for the generations of electricity and the waste heat from
the prime mover can be used directly for heating, or for cooling by using
thermally activated cooling technologies.

Compared with residential or small commercial buildings, large
commercial buildings are considered as the primary market for CCHP
due to the electricity pricing and the electric/thermal load balance. In
a large office building, lighting and cooling are required throughout
the year. This can be significantly reduced using a CCHP system that
is sized to the lighting electric load (base electric load) and waste heat
is used to run absorption chillers for cooling. Additional waste heat
may be used for water heating and reheat coil as needed throughout
the year. There is currently a significant effort to introduce CCHP into
midsize and small commercial buildings as well as residential buildings
as part of the Smart Grid initiatives and electric reliability due to the
aging of the transmission lines and the lead-time required for expanding
existing utility scale infrastructure [1]. However, for CCHP to be cost
effective and more efficient than conventional systems in small to
midsize buildings, the prime mover has to be more efficient than the
average grid efficiency, and the waste heat recovery efficiency needs to
be greatly improved. Furthermore, feasibility would greatly depend on
the energy storage capability (electric or thermal) to decouple electric
and thermal loads since these loads do not always coincide as in large
buildings. A subset of CCHP technologies, Combined Heat and Power
(CHP), is more favorable in applications with less cooling demand and
to reduce the primary investment cost since the thermally activated
air conditioning unit is no longer needed. Several CHP systems have
been introduced in residential and small commercial applications.
CHP system also has been used in large scale applications especially
industrial processes.
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A comparison between conventional and CCHP energy flows in
buildings is summarized in Figure 6.1. The building would still rely on
electricity from the utility grid and additional fuel firing to compensate
for the imbalance between thermal and electric loads during transient
building operation and as schedule and occupants change. If a perfect
energy storage system is sized, designed, and installed, the building
can operate completely off the grid relying mainly on the “single
fuel”. Some prime movers would provide an additional flexibility in
the ability to handle different fuel types at different times which can
be considered as a means for risk mitigation in case the primary fuel
supply is interrupted.

Overall, CCHP systems enable energy cascading that ensures the
primary energy is fully utilized for the application of interest. In building
applications, CCHP can be used to serve both electric and thermal loads —
though they might not always coincide for small and mid-size buildings,
which emphasizes the need for energy storage. The main challenge for
widespread use of CCHP in buildings is the cost effectiveness, reliability,
and perceived risks by the end users. This chapter outlines a review of
CCHP technology, discusses prime mover options, heat recovery unit
designs, heat pump options, and thermal energy storage requirements
and benefits. The chapter also presents CCHP sizing options, building
integration, operation and system controls and a typical economic and
feasibility analysis.
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Figure 6.1. Conventional versus CCHP system building integration.
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6.2 State-of-the-Art Review of CCHP Technology

There are five basic elements in a typical CCHP system: prime mover,
electricity generator, heat recovery system, thermally activated equipment for
generating cooling, and a control system. Figure 6.2 is a general diagram for
typical CCHP systems. As depicted, in a typical CCHP, fuel is first fed to a
power generation unit (PGU) like an engine or gas turbine to convert to shaft
energy. The shaft energy is then used as the driving force of the electrical
generator to produce electricity. Due to the limit of the PGU efficiency, the
waste heat from PGU is recovered by a heat recovery unit to produce steam
or hot water. The steam or hot water can be used in four ways. First, it can be
directly used for domestic hot water required by buildings. Second, it can be
used as the heat source in an air handler for space heating. Third, it can drive an
absorption or adsorption chiller to produce chilled water, which is used as the
cooling source in air handlers to cool or dehumidify the air for space cooling.
Fourth, it can be used as the heat source in desiccant units to dehumidify the
air for buildings. Since absorption/ adsorption chillers and desiccant units are
thermally activated, the exhaust gas from the prime mover can also be directly
used as the heat resource to drive them for space cooling. As an alternative to
the combustion, electricity can be obtained through a chemical reaction in fuel
cells. A fuel cell is an electrochemical device that converts fuel to direct current
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TR
Generator - xi%l
w Air Handler Unit
£ | i

Chilled water

¥

Engine

-

o3

Turbine

Electricity

Building

Fuel Cell

Figure 6.2. General diagram for typical CCHP systems.
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electricity, with heat and water as by-products. As shown in Figure 6.2, CCHP
systems can fully use one fuel in a cascading manner to provide a complete
energy package of cooling, heating, and power for buildings.

Accordingly, a simplified schematic diagram of a CCHP system can be
presented as Figure 6.3. The total fuel input, Q s/, is the fuel gas used by the
power generation unit (PGU). The outputs of PGU include electric power, W
and waste heat. The waste heat can be recovered by heat recovery unit (HRU)
and converted as thermal energy, Oy, which is used for an absorption chiller
for chilled water generation and heating water for space cooling and heating.
If the thermal energy from the PGU is not adequate, the thermal energy from
other resources, Q,h others Will be needed to provide enough heating and
cooling for buildings. If the electricity generated on site cannot meet building
demands, additional electricity will be bought from power grids.

As one of system indicators, the overall efficiency of CCHP, 1, . is
defined as the ratio of the sum of the net useful power output, /¥, in kW and
the net useful thermal outputs, Oy, in kW and the total fuel input, Q fisel> INKW.

Wy +
Noverall = Eich (61)
quel
In CCHP systems, the net useful thermal outputs could be in various
forms including process hot water, steam, domestic hot water, and chilled
water. With their high efficiency, CCHP systems with have been widely
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Figure 6.3. Schematic diagram of a simplified CCHP system.
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utilized in industrial, commercial, and other applications in the U.S.,
especially in the past 30 years [2]. However, commercial and institutional
applications currently account for only 13 percent of the existing capacity
of CHP! in the U.S. Such low installation of CCHP in commercial and resi-
dential buildings is because (in part) the design of CCHP is limited by the
magnitude, duration, and coincidence of the electrical and thermal require-
ments from an application. Commercial and residential buildings typically
have oscillating electrical and thermal demands due to different occupancy
schedules. The pronounced changes in the energy demands make the de-
sign, operation, and control of CCHP systems more sophisticated and dif-
ficult. In addition, the fluctuations in electrical and thermal loads require
CCHP systems to be operated at partial load conditions on the most of the
time, in which they run at low efficiency.

The majority of the CCHP systems in the commercial sector are for
hospitals, schools, university campuses, hotels, nursing homes, office
buildings and apartment complexes. Those applications typically are large
buildings with multiple use occupancies and/or longer daily operating hours
and particularly in urban areas where higher electrical and somewhat lower
gas rates prevail [3]. According to the estimations from the US Department
of Energy (DOE), however, of the ~130 GW of CHP technical potential,
approximately half is at commercial and institutional facilities, as indicated
in Figure 6.4. [4]. Many studies were conducted to evaluate the performance
of CCHP systems for commercial and residential buildings in various
locations by using modeling and simulation [3,5-10]. They found that CCHP
systems can be more beneficial when operated at full load. Hospitals have
been considered as a favorable commercial application for CCHP systems. It
is generally agreed that CCHP systems for hospitals can achieve significant
benefits in energy, economics, and the environment. Fuel-cell-based CCHP
systems for hospitals can potentially reduce operational cost twice as much as
that by micro-turbine-based CCHP systems. The simple payback for CCHP
systems in hospital facilities ranges from 15 months to 7 years [6,8,9,11].
Data centers are another favorable application in the commercial sector. For
both fuel-cell-based and gas-turbine-based CCHP systems, the savings on
primary energy, operating cost, and CO, emissions in data center facilities
range from 20%—30% of primary energy savings, 45% to 56% of operational

I We use the acronyms CHP and CCHP interchangeably, with the
understanding that CCHP systems can provide either heating or cooling.
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Figure 6.4. Technical potential for additional CCHP at existing industrial
and commercial facilities [4].

costs, and 20% to 45% of CO, emissions [12,13]. For other commercial
buildings like restaurants, primary schools, supermarkets, and hotels, CCHP
systems are not always beneficial. It was concluded that buildings with a
relatively higher fraction of thermal load covered by the CCHP system show
improved feasibility [6].

According to their electric generating capacity, CCHP systems can
be categorized into two groups: micro-CCHP and large-scale CCHP
for systems with capacities less than 50 kWe¢ and larger than 50 kWe,
respectively. Micro-CCHP systems are mainly used for residential
buildings and commercial buildings with relative small capacities. Most
CCHP systems for residential applications are between 1 kWe and 10 kW,
[7,10,14,15]. Those studies indicated that CCHP systems for residential
applications currently have high initial cost.

Micro-CCHP systems are typically based on internal combustion
engines (ICE), micro gas turbines (MGT), micro Rankine cycles (mRC,
i.e., a steam turbine), Stirling Engines (SE), thermophotovoltaics (TPV),
and fuel cell technologies. Internal combustion systems have a relatively
high electric efficiency typically ranging from 25 to 35%, and a thermal
efficiency of 50% to 70%. On the other hand, external combustion systems
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have a relatively low electric efficiency, typically between 5% to 20%,
and a higher thermal efficiency from 70% to 90%. It was found that all
the available micro-CCHP technologies deliver values of 1 . . higher
than 75%. Generally, mRC- and SE-based systems are more suitable
for applications with a low ratio of the electric-to-thermal power, often
called the °C ratio’, while ICE and MGT systems are more suitable for
applications with relatively high C ratio from 0.3 to 0.7. In addition, external
combustion systems have high reliability, low noise, and potentially high
values of the total CHP efficiency, compared to internal combustion
systems [16,17]. TPV-based micro CHP systems are a combination of
photovoltaics and a surface radiant burner, which recovers most heat not
converted into electric energy. Although most TPV CCHP systems have
a low electric efficiency, approximately 2% to 5%, the potential n_ . is
always higher than 90%. Fuel cell micro CCHP systems are either based
on low-temperature polymer electrolyte membrane fuel cells (PEFC or
PEMFC), or on high-temperature solid oxide fuel cells (SOFC). Due to the
high initial cost and technical challenges, fuel cell micro CCHP systems
are still at the demonstration and research phases [17].

Large-scale CCHP systems are typical for large commercial or mix-
used applications. In many commercial applications, the thermal load
is not coincident with the electrical load due to strong dependency on
season variations and also due to the limited operating hours based on the
occupancy schedules. Although there appear quite a few newly emerging
technologies in CCHP, reciprocating internal combustion engines
(RICE), steam turbines (ST), combustion turbines (CT), Stirling engines
(SE), and fuel cells are the primary prime movers used in CCHP systems
for commercial buildings. According to a report published in 2000,
among the capacity of existing CCHP installations in the commercial
sector, 42.8% came from combined cycle power plants, consisting of a
combustion turbine and a heat recovery steam generator (HRSG), which
have high efficiency and are typically used in relatively large installations.
Boilers powered by solid fuels and steam turbines make up 27% of total
capacity. Combustion turbines make up about 19% of installed capacity.
Reciprocating engines make up 10% of capacity but represent 79% of the
total number of installations. Reciprocating engines are commonly used
in smaller installations, with the average size for operating engine CCHP
systems at 0.7 MWe. The average size for all operating commercial
sector CCHP is 5 MWe [18]. Natural gas is the most common type of
fuel, comprising over 72% of the total capacity. The next popular fuel
type is waste, which is dominated by landfill gas and biogas from sewage
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treatment facilities. Coal, oil, wood, and other fuel types make up the
remaining 15% of installed CCHP capacity buildings [19].

As so-called tri-generation, CCHP systems include thermally driven
cooling or dehumidification components for space air conditioning in
addition to cogeneration systems, which can only provide electricity and
heating for buildings. It is concluded by recent researchers that overall
efficiency of CCHP systems can be higher than that for cogeneration
systems due to the thermally activated cooling technologies. The major
thermally activated technologies in CCHP systems are absorption chillers,
adsorption chillers, and desiccant dehumidifiers. Those cooling systems
can be driven by the various forms of thermal energy such as steam, hot
water, and flue gas from prime movers or from heat recovery units. Due to
the different temperature elevations of the thermal energy and the operating
temperatures required by the cooling systems, appropriate temperature
matching between the thermal energy resource and the thermally driven
cooling technology must be made to implement CCHP. Table 6.1 shows
the key system parameters and characteristics in various CCHP systems

Table 6.1. Characteristics and Key Parameters in CCHP Systems [19].

Electric |ElectricPowerr Overall | Recoverable .
Prime Matched Cooling
Capacity Range| Efficiency| to Thermal |Efficiency Temperature|
Mover¥ . Technologies
(%) Ratio (C ratio (%) (°C)
1E'absorption, adsorption or
RICE | 3kW-6MW 25-43 0.5-0.7 70-92 ~80
dehumidification
ST 50kW-500MW 7-20 0.1-0.5 60-80 ~540 3E"/2E" absorption
CT 250kW-50MW 25-42 0.2-0.8 65-87 ~540 3E"/2E" absorption
1E" absorption, adsorption or
SE 1kW-1.5MW ~40 1.2-1.7 65-85 ~90
dehumidification
~480
3E'/2E" absorption
(SOFC)
FC SkW-2MW 37-60 0.8-1.1 85-90 -
1E" absorption, adsorption or
~60(PEM)
dehumidification
MT 15-300kW 22-35 1.2-1.7 60-95 ~320 3E'/2E" absorption

* CT: combustion turbines; FC: fuel cells; MT: micro turbines; RICE: re-
ciprocating internal combustion engines; SE: stirling engines; ST: steam
turbines.

T#E refers to the number of effects for an absorption system e.g., 1E is
single effect absorption chiller.
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based on different prime movers. The best pairs of recoverable energy and
thermally activated cooling technologies are also shown in Table 6.1.

6.3 Prime Mover Options

The prime mover is one of the major components of CCHP systems
and the type of the prime mover is directly related to the CCHP application.
The prime movers which are commonly used for the CHP applications can
also be considered for the CCHP. They are mostly being classified based on
their marketability, size and efficiency. The focus of this chapter is CCHP
for residential and commercial applications. This will limit the size of
the prime movers in small to medium range that can be referred to micro
turbines, reciprocating engines and fuel cells. American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) has categorized
Diesel, Spark ignition and Stirling engines under reciprocating engines, and
likewise all types of fuel cells are being considered under one category.

Some emerging prime movers, which are still in the development
stage, are not included in the ASHRAE handbook. Figure 6.5 shows a

Conventional

Steam turbine Residential
Gas turbines

Diesel engines

Spark ignition engines I
Microturbines

Stiring engines >

Fuel Cells >

Emerging Technologies
Thermoelectrica D

Organic Rankine Cycle (ORC) _
Hot air turbineb/Hybrid —
Bryton Cyclec (HBC)

Solar PV >
Thermophotovoltaicd [

Figure 6.5. Capacity range of conventional and emerging prime mover
technologies.
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broad range of prime movers suitable for residential and commercial
CCHP, categorized based on the electric power range. To have a better
representation reciprocating engines are expanded into three categories.

Residential and small commercial applications of CCHP limit the fuel
cell prime movers to Proton Exchange Membrane fuel cell (PEMFC),
Phosphoric Acid fuel cell (PAFC) and Solid Oxide fuel cell (SOFC).
Based on Figure 6.5, Rankine and Brayton cycles are not good candidates
for smaller applications unless in the micro scale such as the micro
Rankine Cycle (mRC) [16] and/or the Hybrid Brayton Cycle (HBC) [20].

Matching the cooling technology of the CCHP with the prime mover is
one logical process of down-selecting the prime movers. For this purpose,
the range of the output temperature can be used. Also other thermo-physical
specification of the prime movers is important in selecting the prime
movers as listed in Table 6.2. Beyond matching the prime mover with
the CCHP and power demand, other environmental and end-user friendly
aspects of the prime movers are also desirable. Nevertheless, economical
concern and durability of the system is always a big consideration. A
list of qualitative measures on such issues for the few most commonly
used prime movers has been provided by [21]. These concerns could play
even an even bigger role if CCHPs are going to be part of future homes.
Introduction of more stringent environmental regulations might add new
criteria in the selection of the prime movers. Table 6.2 lists the applicable
prime movers for CCHP systems with the best fit to residential and small
commercial buildings. Data provided for the emerging technologies is
limited to recent research and development in that field.

6.4 Heat Recovery

Efficient heat recovery is essential to realizing the high overall
efficiencies that CCHP systems can offer. The thermal efficiency 7, of a
heat recovery unit is directly related to the effectiveness of the unit. The
effectiveness € of a heat exchanger is defined as Equation 6.2, where Omax
is determined in part by the maximum temperature difference between the
inlet of the hot and cold fluids for exchanging heat.

o Actual heat transfer rate B Qact

~ Maximum possible heat transfer rate

(6.2)
Qmax
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Table 6.2. Prime Movers for Small Buildings.

o ~ P °
- o ~ (%) 2
< g %: o g § 5
Technology = g S = % c £
w ° o (V) £ c =
o = c — £ c Y
g S = g 9] o9
& = & = = [eX9)
Electric Efficiency 1 57 410 22-28% | 40 30-63% 5% 8-24%
(HHV)
(TIZV‘:,')C"’" Capacity 5-1000 15-300 | 1-1500 | 5-2000 0.5-1 280-1200
Typical Power to . .
Heat Ratio 0.5-1.2 0.5-0.7 1.2-1.7 1-2 0.01-0.04 0.25
Cost of the Prime 1300-
Mover ($/kW) 350-1600 900-1500 2000 2500-3500 1000-2000
Typical online 96-98% 98-99% 95% >98% >75%
Availability
H Overhauls | 20090~ 40,000- 32,000-64,000
ours to Overhauls 60,000 80,000 ,000-64, 20,000
Startup Time 10 sec 60 sec 3 hrs-2 days
Geothermal
H2,NG,
NG, biogas | NG, liquid Liquid Fuel, | Waste heat,
Fuels LPG fuel Propane,
Biofuel, NG | Biofuel,
Methanol
solar
Power Density
_ — 5-20 .
(kW/m?2) 35-50 5-70 0.025
NOx (Ib/MWh) 0.06-0.8 0.08-0.2 0.5 0.0025-0.004
CO, (Ib/MWH) 1100-1400 1600 1500 950-1100
Typical Outout 370-540 200-350 | 60-200 | 260-370 <200 250-300
Temperature (°C)
Noise Loud Fair Fair Quiet Quiet Fair
Part Load Good Fair Good Good Fair Fair
Performance
Life Cycle (year) 20 10 10 10-20 20

Note: 1-EPA [22], 2- [19], 3- [23], 4- [24.25].

A variety of heat exchanger types available includes double-pipe,
shell-and-tube, and plate-and-frame. Generally, the flow pattern of the
two fluids exchanging heat, such as the exhaust gases from a turbine
and potable water for domestic use, are arranged such that the fluids are
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in parallel flow, counter flow, or cross flow. Usually the counter-flow
arrangement leads to the highest effectiveness, &.

Table 6.3 provides the thermal and electrical performance
characteristics of a variety of existing CHP systems potentially applicable
for buildings, based on the following prime movers: microturbines, IC
engines, and fuel cells. These particular examples were selected from a
longer list of candidate prime movers described in [26], and are meant
to give a snapshot of existing CHP technologies. The specified heat
exchanger (HX) exhaust temperatures are relevant for water heating
applications, but in general the exhaust temperatures are substantially
higher and suggest that higher-quality heat could be recovered and used
for other purposes.

Naturally, the location of the heat recovery unit depends on the type
of prime mover, and on the temperature of the exhaust or other waste
heat streams. For microturbines, typically a heat exchanger package can
be purchased together with the power generation unit. For IC engines,
in addition to the high-temperature exhaust heat, lower temperature
waste heat is available from jacket cooling water and from the lube oil

Table 6.3. Electrical and Thermal Performance Characteristics for Select
CHP Technologies, Based on HHV.

HX Total
Total Electrical | Thermal Power Exhaust
Type & Exhaust | Installed
Efficiency Efficiency | Efficiency | to Heat | Temp.
Capacity Temp. Cost
(%) (%) (%) Ratio (9]
(9] ($/kWe)
30 kW,
. . 70.0% 22.0% 48.0% 0.46 277 88 4,300
Microturbine
65 kW,
70.4% 23.8% 46.6% 0.51 311 88 3,220
Microturbine
100 kW,
Internal
80.0% 27.0% 53.0% 0.51 649 N/A 2,900
Combustion
Engine
300 kW,
Molten
82.0% 47.0% 35.0% 1.0 371 49 10,000
Carbonate
Fuel Cell
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cooling system via a closed-loop water cooling system. Approximately
30 to 50% of the waste heat is available from the exhaust, while the
remainder is from the cooling systems. For fuel cells, in general there
are four potential sources of waste heat: the exhaust gas (including
water condensation), cooling of the fuel cell stack, combustion of the
anode off-gases, and heat generated by the reformer. The quantity and
quality of the waste heat available from fuel cells depends on the type
of fuel cell used, with proton exchange membrane (PEM) fuel cells
offering the lowest temperature waste heat, and phosphoric acid, solid
oxide, and molten carbonate fuel cells providing higher temperature
waste heat.

Comprehensive references for the design of heat exchangers are
available elsewhere, such as Thulukkanam, 2013 [27]. Depending on the
type of CHP system and the temperature of the waste heat stream, either
gas-to-gas, gas-to-liquid, or liquid-to-liquid heat exchanger may be needed.
Gas-to-liquid heat exchangers, appropriate for transferring heat from the
exhaust of a microturbine or internal combustion engine, generally include
finned tubes to increase the surface area exposed to the exhaust gases. A
useful general discussion of heat exchangers for CHP systems is provided
in [28]. Heat recovery from fuel cells, being a relatively recent form of
CHP, is still the subject of ongoing research [29,30].

6.5 Thermally Activated Cooling Systems

There exist several established thermally activated cooling technologies.
Ranked by technical maturity, these technologies can be categorized as:

Absorption Heat Pump for heating and cooling
Adsorption Heat Pump for heating and cooling
Standalone Solid Desiccant Air Conditioning, A/C
Standalone Liquid Desiccant A/C

Ejector Heat Pump

Ground-Coupled Solid Desiccant A/C

Evaporative Liquid Desiccant A/C

Duplex-Stirling Heat Pump

Vuilleumier Heat Pump for heating and cooling options.

WOk WD =

An absorption cycle, shown in Figure 6.6, utilizes a binary mixture
of refrigerants such as ammonia—water or water—LiBr. The single-effect
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cycle consists of an absorber, a generator or desorber, a condenser, an
evaporator, and an electric solution pump, with the possibility of additional
components, such as internal heat exchangers, to enhance efficiency.

An external heat source, such as a gas burner in a direct-fired system,
steam or hot water in an indirect-fired system, or waste heat, is used in the
generator, also called desorber. Heat transferred to the generator allows the
refrigerant to desorb from the absorbent, creating a high pressure vapor. In
cases where a volatile absorbent is used (e.g., ammonia—water), a rectifier
is needed to reduce the concentration of the volatile absorbent (e.g.,
water) in the vapor to the condenser. A number of advanced cycles have
been proposed in the literature to improve the COP starting from single
effect with COP ~0.5 to 0.7 to Generator—Absorber heat [31] eXchange
(GAX) with COP ~ 0.9 to 1.2 [32], double-effect with COP ~ 1.1 to 1.4
[33], triple-effect with COP ~ 1.3 to 1.7, compression-absorption [34]
with 12% greater efficiency than vapor compression cycles [35], two-
stage absorption [36] and more recently an expander-compressor cycle
operating with low heat sources [37] and several waste heat/renewable
energy operated absorption systems.

Absorption systems are characterized by a relatively high degree of
complexity and large size. This is mainly due to the low vapor density
in Water/LiBr chillers and added components for the Ammonia/Water
systems. Further complexity arises from the need to mitigate corrosion

(=

Condenser

Solution heat
exchanger

Figure 6.6. Schematics of single-effect absorption cycle.
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issues and added measures to avoid solution crystallization in Water/LiBr
chillers. Water/LiBr absorption chillers are considered economically
attractive in large commercial buildings due to peak-demand reduction
and low fuel costs. Availability of waste heat from the prime mover would
further improve its feasibility. However, this technology has suffered
market share decline in the United States over the last several decades
while maintaining their popularity in foreign markets. On the other hand,
small scale ammonia-water heat-only or reversible products are available
in Europe and emerging in the United States as an alternative to gas-fired
heating. Current gas prices in the United States make it infeasible except
for high demand applications. The use of waste heat from the prime
mover improves the economic viability and allow for shorter payback
cycle. A summary of cost estimate for absorption chillers compared to
vapor compression chillers was presented by [38] and summarized in
Table 6.4.

An adsorption system uses multiple beds of adsorbents such as silica-
gel in a silica gel-water system, to provide continuous capacity, and does
not use any mechanical energy but only thermal energy. An adsorption
refrigeration system usually consists of four main components: a solid
adsorbent bed, a condenser, an expansion valve and an evaporator as shown
in Figure 6.7. The solid adsorbent bed is linked to the evaporator. It desorbs
refrigerant when heated and adsorbs refrigerant vapor when cooled such
that the bed works like a thermal compressor to drive the refrigerant around

Table 6.4. Cost Estimates for Absorption and Vapor-Compression Chillers.

Chiller Cost Estimates
(Bhatia 2010) (Trane 2010)
Chiller Type
$/ton $/ton $/ton
$/ton Range (tons)
(300 tons) (500 tons) (1,000 tons)
Electric Centrifugal $340 $340 $350 $250-$230 300-2,500
Electric Rotary
Screw (Water - - - $300-$240 70-450
Cooled)
Electric Ro
ary - - - $420 70-400
Screw (Air Cooled)
Single-Effect
. $520 $430 $365 $350 901,600
Absorption
Double-Effect
$625 $625 $625 $500 350-1,000
Absorption
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Figure 6.7. Schematic of an adsorption chiller [41].

the system to heat or cool a heat transfer fluid or to provide space heating
or cooling. When the bed becomes saturated with refrigerant, it is isolated
from the evaporator and connected to the condenser. The refrigerant vapor
is condensed to a liquid, followed by expansion to a lower pressure in the
evaporator where the low pressure refrigerant is vaporized producing the
refrigeration effect (i.e., cooling the refrigerator air). When further heating
no longer produces desorbed refrigerant from the adsorbent bed, the
refrigerant vapor from the evaporator is reintroduced to the bed to complete
the cycle. To obtain a continuous and stable cooling effect, generally two
(or multiple) adsorbent beds are used, where one bed is heated during
desorption while the other bed is cooled during adsorption. To achieve
high efficiency, heat of adsorption needs to be recovered to provide part of
the heat needed to regenerate the adsorbent. A recent literature review of
conventional adsorption cycle was presented by [42].

Adsorptive beds of the chillers can be regenerated at relatively low
temperatures using waste heat or solar energy as heat source. These
chillers can also be employed in CCHP systems. The overall thermal and

267



electrical efficiency in these systems can be above 70% [43]. Some of the
recent adsorption system performance enhancement technologies include
heat pipes [44] and consolidated compound adsorbents [45,46] designed
a prototype of icemaker with specific cooling power of 770 W/kg and
a COP of 0.39, at —20 °C evaporation temperature. Space cooling COP
range from 0.5 to 0.7 [47] while the space heating COP range from 1.1
to 1.4 [48].

Adsorption systems are known to suffer from low COP and low
specific cooling power [42,49]. Although commercial adsorption systems
for air-conditioning applications between 35 and 350 kW are reported to
be available [41,50], household-scale systems are not yet commercially
available. Wang et al. concluded that there is still a strong research need
for advanced refrigerant/adsorbent pairs, advanced cycles and design to
overcome the system transient effects [42]. Their review acknowledged
the lower system efficiency and lower specific capacity compared to
absorption and vapor compression refrigeration systems. Consequently, it
is unlikely for adsorption refrigeration to be considered as a replacement
for vapor compression refrigeration system in the near future.

Solid desiccant air-conditioning technology is mostly used for
space-cooling applications in hot-humid climate zones. They are used
to supplement existing vapor-compression cooling systems which
otherwise would overcool the air to remove humidity and then reheat it
to reach desired interior conditions. Solid desiccant dehumidification
provides greater independent control of latent and sensible loads, making
it an energy efficient option to achieve desired indoor air conditions.
Standalone solid desiccant A/C relies on using solid desiccant materials
that have a high affinity for water. As moist air crosses the desiccant
bed, water vapor is adsorbed by diffusion. As the bed adsorbs the water
vapor it becomes saturated; at which state it needs to be regenerated.
Regeneration is a process in which the desiccant bed temperature is
increased thereby increasing its water vapor pressure above that of the
ambient air and allows it to diffuse to ambient or exhaust air streams.
They are used in conventional A/C applications when latent loads are
large and waste heat, even low grade is available to regenerate the
solid desiccant bed. In HVAC systems, solid desiccant subsystems are
used to dry the incoming air, thereby facilitating a secondary sensible
cooling step accomplished with a different cooling technology. In hot-
humid climates, standalone solid desiccant air conditioners may offer
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significant energy and cost savings to satisfy large latent loads, but
for most systems, the low COP of standalone solid desiccant systems
offers no primary energy savings over vapor-compression systems [38].
The need for an additional sensible cooling system increases the cost
and complexity over other technologies and as such acts as a market
barrier. At low sensible heat ratio, solid desiccant systems can offset
their cost by decreasing the required capacity of the sensible cooling
system.

Standalone liquid desiccant A/C employs liquids that have a high
affinity for water. These liquids can remove water from moist air when
exposed to an airstream [51]. In HVAC systems, liquid desiccant air
conditioners (LDACSs) use liquid desiccants to dry the incoming air. As
the desiccant liquid become loaded with water, it requires regeneration; a
process that uses a heat source, e.g. waste heat (even low grade), to increase
the liquid temperature and thereby increase the water vapor pressure above
that of the ambient air. Unless coupled with other technologies, however,
desiccants cannot provide sensible cooling and, therefore, do not provide
a complete space-cooling function in most climates and applications. Use
of a liquid desiccant (rather than solid desiccant) may facilitate coupling
with a sensible cooling system [38]. Furthermore, new developments
involve the use of direct and indirect evaporative cooling in tandem with
liquid desiccant to provide the required sensible cooling in which case the
system would provide all the space cooling needs.

The ejector heat pump cycle is similar to a reverse ranking cycle
with a condenser, expansion device and an evaporator. However, the
compressor is replaced with a pump, a generator, and an ejector. The
pump raises the pressure of most of the liquid from the condenser to a
higher pressure; the generator then boils the liquid to a high pressure
high temperature superheated vapor. The superheated vapor is expanded
through a jet ejector, where it entrains some low pressure vapor from the
evaporator, with the combined reduced pressure stream of vapor flowing
to the condenser. The liquid outflow from the condenser is split, with
most of it flowing back to the circulating pump and the remainder flowing
through an expansion valve to the evaporator. A schematic of the ejector
heat pump cycle is shown in Figure 6.8. Rahamathulla et al. compiled
available research on ejector heat pumps. Their review indicated that
cooling COPs range from 0.2 to 0.4 and heating COPs range from 1.1 to
1.3 [52].
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Figure 6.8. Schematic of an ejector cycle [53].

6.6 Thermal Energy Storage Requirements/Benefits

It has long been recognized that thermal energy storage (TES) can
be beneficial for application of CCHP to buildings, in that it reduces or
eliminates the need to meet the electrical and thermal loads simultaneously
[54,55]. Rather, with TES energy can be stored for later use. This is
especially important for buildings, as opposed to industrial applications,
because the thermal loads in buildings including space heating and
cooling, and water heating, tend to fluctuate and have strong seasonal
variation. Some types of buildings, such as restaurants, spas, etc. do have
large and consistent thermal loads, but here we focus our discussion on
typical residential and commercial buildings where TES could potentially
enable cost-effective application of CCHP.

Thermal energy storage materials, systems, and analysis have been
widely covered in the literature [56], and thus only a brief discussion
is given here. For CCHP, options exist to store high-temperature heat,
such as the waste heat from a gas turbine exhaust greater than 500°C.
However, that is rarely done in a building environment due to safety
concerns and the fact that the heat will likely be used to meet space
heating and domestic water heating requirements. Instead, usually
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sensible heat storage in liquid water is considered as the primary heat
storage medium [57], given that it can be directly used to provide
domestic hot water. Other heat storage materials, however, have
been examined, particularly phase change materials [58]. A hybrid
thermal/electrical energy storage system has been considered [59], but
in general the electric grid is treated effectively as infinite electrical
energy storage. Cold storage, especially in the form of ice, has potential
for CCHP systems, although cold storage does not seem to have been as
widely investigated as hot storage.

The optimal design of CCHP systems including TES remains
challenging. Generally speaking, relatively sophisticated models have
been applied to optimize such systems. Typical building energy models
with 1-hour time step have been found to yield large errors, compared with
simulations based on 5-minute time steps, because of the rapidly varying
nature of building electrical and thermal loads [60]. A somewhat simpler
approach, termed the “extended ATD, method” where ATD, Aggregated
Thermal Demand, has been presented [57], as well as design guidelines
[61]. In general studies have found positive impacts of incorporating TES
in CCHP systems. For example, TES improved the operating cost savings
of six of eight different types of commercial buildings located in Chicago,
Illinois [62]. The two exceptions were hospitals and small hotels, both of
which had much larger electrical loads than thermal loads. For single-
family residential homes, the inclusion of TES may be essential to achieve
cost effectiveness [61].

6.7 CCHP Sizing Options, Building Integration, Operation
and System Controls: Case Studies

The goal of CCHP systems is to maximize the system operational
savings and also to minimize the cost of the project. CCHP system can be
operated on a topping, bottoming or combined cycle. A typical topping
cycle recovers heat from operation of a prime mover and uses this thermal
energy for space heating and cooling, while a bottoming cycle recovers
heat from the process of the thermal energy production for space heating
and cooling, to generate power. A combined cycle uses thermal output
from a prime mover to generate additional shaft power where its exhaust
waste heat can be used through heat recovery devices or thermal activated
cooling equipment to meet the thermal demands.
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In most cases, according to Eq. (1), the more thermal energy, O,
is recovered, the higher the CCHP system efficiency is. Therefore, the
design of CCHP system should first select the thermal components of
the system based on the building heating and cooling demands, then
select a generator based on thermal output to meet building electrical
demands. As we can see, a good match between the thermal and electric
output of a CCHP system with the thermal and electric loads of a
building would induce higher efficiency and more energy savings. It is
essential to assess the electrical and thermal loads for an application
to optimize the CCHP design. Conventional heating and power plant
are sized by maximum projected demands to cover seasonal peaks,
however, CCHP selection is affected by maximum, minimum demands,
and seasonal and diurnal profiles. In practice, half-hourly or hourly
data should be used. Additionally, commercial and residential buildings
have large time-dependent changes in the magnitude of their loads and
in general the electric and thermal loads are non-coincident. Therefore,
the heat and power demand profiles for buildings must be known to
provide the necessary information on the magnitude, duration, and
coincidence of building thermal and electrical loads for CCHP design.
For an existing building, although monthly energy bills can yield
approximate consumption profiles, they will not be helpful on how
energy consumption profiles vary on a daily or hourly basis. To obtain
sufficient data, particularly with respect to energy consumption, specific
energy surveys, temporary metering and audits will be necessary. On the
other hand, for new buildings, the heat and power demand profiles have
to be estimated. The estimation could be based on one or a combination
of the following data sources: 1) data from a dynamic simulation model
of the building, 2) benchmark data from similar buildings, 3) projected
occupancy patterns, and 4) empirical data from energy models or
consumption codes.

To illustrate the design process, a data center located in San Diego,
California is considered. The data center houses servers, computers, and
other telecommunication equipment. In addition, some spaces in the data
center are used as offices. Due to the location and equipment-dominated
use feature, the data center has little heating load throughout the year.
Therefore, for the data center, we only use electric demand and cooling
demand to show how to size the CCHP system.

As illustrated in the beginning of this chapter, to achieve the highest
overall system efficiency, the first step of the CCHP design is to select the
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thermal components of the system according to the needs. For the data
center, cooling demand is the only thermal demand in the CCHP. Thus, the
thermally driven cooling component in the CCHP shall be selected first.
For the data center, the majority of the cooling load is sensible cooling
to reduce the air temperature in the spaces hosting tens of thousands of
servers or other electrical devices, while ventilation is not required for
the equipment. Double-effect Li-Br absorption chillers are selected as the
proper thermally driven cooling component for the data center because of
their higher COP and current availability on the market.

To design the CCHP, dynamic building simulations to identify a
comprehensive electric and cooling demand is needed first. Figure 6.9 is
the actual hourly electric and cooling demand of the data center in San
Diego, California. We can observe that the facility has a night time peak
electric demand at the range of 4 to 4.5 MW_ and a day time peak electric
demand approximately 5 MW,_. For the cooling demand, there is no
obvious day and night pattern; the cooling demand is at the range of 2.5 to
6 MW, . The facility in the summer has a higher cooling load, as expected.
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Figure 6.9. Hourly electric and cooling demand for a datacenter in San Diego,
California (a) power (b) cooling.
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Although dynamic data can provide us the detailed thermal and electric
loads, in practice the load duration curve (LDC) is used as the basic tool for
sizing and evaluating building electric power and thermal systems. A LDC is
similar to a load curve as shown in Figure 6.9, but the demand data is ordered
in descending order of magnitude, rather than chronologically. The LDC in
descending order shows the capacity utilization requirements indicated as
the frequency with which electric demand equals or exceeds a given value.
Based on the electric demand obtained from the simulation, we can draw the
LDC for the electric demand on an annual basis as shown in Figure 6.10. In
the electric demand LDC graph, the base load and peak load of the electric
demand could be identified. The base load is 3.5 MW, and is determined by
using the demand at the “knee” of the curve. The peak load is 6 MW, which
is the maximum of the electric demand at the far left of the LDC. A CCHP
system can achieve the highest efficiency of electric generation when it is
sized at the base load but due to different electricity rate, however, it might
not be the most economic choice. For the data center, the most economic
size of the CCHP is predicated as 4.5 MW because of its shortest payback.
Therefore, economic analyses shall be carried out to size the CCHP. Similarly,
the cooling LDC can be drawn as shown in Figure 6.11. The base cooling and
the peak cooling loads are also identified. As you may notice, Figure 6.10 and
Figure 6.11 separate the electric load and the cooling load.

However, we need to consider simultaneously the variations of the
electric and cooling demands during the design of the CCHP to achieve
higher system efficiency and better economic benefits. Therefore, a two-
dimensional load duration curve, which is able to show the relation of the
frequency and the simultaneous loads, is needed. In the two-dimensional
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Figure 6.10. Electric load duration curve of a datacenter in San Diego,
California.
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Figure 6.11. Cooling load duration curve of a datacenter in San Diego,
California.

LDC, one of the demands must be broken into discrete periods and the
other demand is created for each discrete period in the same way as the
one used in a one-dimensional LDC.

Typically, the greater the load fluctuation, the greater the number of
discrete periods required for accurate representation. Since the data center
has a relatively stable load profile as shown in Figure 6.9, three discrete
periods are used to represent the facility loads in the two-dimensional
LDC. Figure 6.12 is the two-dimensional LDC for the data center with
three discrete periods of the electric demand. The electric demand at each
discrete period indicates the mean value of all the demands within the
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Figure 6.12. Two-dimensional LDC with 3 discrete periods for a datacenter
in San Diego, California.
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discrete period. According to Figure 6.12, the CCHP can select three
power generators to meet the electric demands: 4.2 MW, 0.4 MW, and
0.4 MW.. The 4.2 MW,_ generator, which serves as the primary engine,
will run all year long. On the other hand, one 0.4-MW, generator will
run approximate 40% of the year to provide the excess power when
the facility needs more than 4.2 MW, at the discrete periods with the
highest and the medium demands. The second 0.4-MW,_ generator will
be operated approximate 20% of the year to provide the excess electricity
when the facility electric demand is higher than 4.6 MW_ at the discrete
period with the highest demand level in Figure 6.12.

Since the difference between the highest and the medium value is
relatively small (300-400 kW), a two-dimensional LDC with a smaller
number of discrete periods could be sufficient to represent the facility
actual load profiles. Accordingly, Figure 6.13 is the two-dimensional
LDC with only 2 discrete periods. According to Figure 6.13, we can use
Just two power generators to meet the electric demands of 4.2 MW, and
0.8 MW,, replacing the two 0.4-MW, generators used in the previous
design. This CCHP with fewer generators could be a better choice to save
initial cost and simplify the operation and control of CCHP. However, the
final design of a CCHP shall be made by the consideration of life cycle
assessment with respects of energy, environment, and economic analyses.
The LDC method is convenient and intuitive for preliminary sizing and
analysis of a CCHP system if only one or two loads need to be considered
simultaneously. However, we often have some facilities with more than
two different loads such as electric power, heating water, domestic hot
water, and chilled water, that all need to be considered simultaneously
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Figure 6.13. Two-dimensional LDC with 2 discrete periods for a datacenter
in San Diego, California.
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while performing the CCHP analysis. These loads make the design of
CCHP complicated. In such cases, the LDC method becomes very limited
and unacceptably cumbersome for those building to analyze or design a
CCHP system. For such situations, computer screening programs should
be used to assist in the design of CCHP.

A Li-Br double-effect (2E) absorption chiller typically has a COP of 1.0
to 1.2. It can be driven by various thermal resources including steam, hot
water, direct fired, or exhaust gas. Table 6.5 summarizes the rated thermal
resources for various types of absorption chiller based on data provided
by manufacturer’s brochures. According to Table 6.5, various system
configurations can be identified for the CCHP. Either steam turbines or
gas turbines can provide 400°C to 500°C exhaust gas required by the 2E
absorption chillers. Comparably, natural gas is a much cleaner fuel source
and natural gas turbines have relatively high overall system efficiency, so that
the electric power generators used in the CCHP for the data center will be gas
turbines with capacities of 4.2 MW, and 0.8 MW, which are determined by
using Figure 6.13 (the two-dimensional LDC with 2 discrete periods).

According to Table 6.1, we assume 35% electrical efficiency for the
4.2MW,_ gas turbine. If the chiller is driven by steam or hot water, a heat
recovery steam generator or a gas-water heat exchanger will be needed to
recover the energy in the flue gas at 500°C to steam at 800 kPa or hot water
at 170°C for driving the 2E absorption chiller. The outlet of the steam from
the double-effect chiller is condensed at about 95°C or the outlet of hot
water after the 2E chiller is at approximate 130°C. These outlet streams
still contain a lot of energy that can be used for various heating demands
or as the heat resource for driving a single-effect (1E) hot water absorption
chiller to produce chilling power. Since the data center primarily has power
and cooling demands, we will use the hot water out of the 2E absorption
chiller to drive a 1E hot water absorption chiller for producing more chilled
water. After the 1E hot water absorption chiller, the outlet of the hot water is
around 88°C and it can be continuously used for various heating demands.

On the other hand, the 2E absorption chiller can also directly use the flue
gas from the turbine as a heat resource to produce chilled water. Based on Table
6.5, the outlet of the flue gas from the 2E absorption chiller will be around
170°C, at which the flue gas is not able to drive a 1E flue gas absorption chiller,
but the flue gas can exchange its energy to hot water used for driving a 1E
hot-water driven absorption chiller. Figure 6.14 is a system schematic energy
diagram for the CCHP, as an example of the possible system configurations. If
we only consider the electric power and chilled water produced by the CCHP,
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Table 6.5. Thermal resource rated conditions for absorption chillers [63].

Exhaust Gas Hot water
Steam Absorption Chiller
Absorption Chiller Absorption Chiller
1E 2E 1E 2E 1E 2E
300 °C 500 °C 100kPa 800 kPa 98 °C 170° C
Inlet Condition . .
(572°F) | (932°F) (14.5psi) (116psi) (208 °F) | (338 °F)
130 °C 170 °C Condensation Condensation 88 °C 130 °C
Outlet Condition
(266 °F) | (338°F) | 95°C (203 °F) | 95°C (203 °F) | (190 °F) | (266 °F)

the total efficiency of the CCHP will be 76%. If we also include the hot water
produced, the total efficiency of the CCHP could be as high as 99%.

CCHP building integration was shown to be dependent on available
technology, climate, load profile, and utility costs. A recent study by Medrano
et al. showed that annual electric and natural gas utility bills can be reduced
by 61%, 24%, and 56% for hospital, college, and medium office buildings,
respectively when using high temperature fuel cells [8]. The same study
showed that using micro-turbine generators result in less energy and utility
savings, but provide a more favorable payback due to the lower initial cost
compared to the high temperature fuel cells. Other factors to include while
investigating CCHP building integration are the location which dictates utility

Shaft
e —SO\ ) —— —. > Power
Turbine 4200kW
Combustor 4200kW
, 4200kW
Flue gas,
Natural Gas 12,000 kW ~ 11:6 kgls, 500°C | 2E Exhaust COP=1.0 .\ \Water
Absorption AN
Flue gas, E
11.6 kg/s, 170°C i
i S
HX %__I_—l_ot Water
Return 670kW
960kW COP=0.7
Flue gas, Hot water [1E Hot Water 88°C
11.6 kg/s, 100°C 98°C | Absorption
Chiller Hot Water
(Potential)

Figure 6.14. System schematic diagram of the CCHP with 2E exhaust
absorption chiller.
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costs, climate, and load profiles. For example, a building in Boston, MA has
higher electricity cost than a similar building in Los Angeles, CA and has
higher heating load while the similar Building in Los Angeles would have
significantly higher cooling loads. As such, only heat recovery might be useful
in Boston while a heat recovery with a thermally driven cooling device is
needed in Los Angeles. When comparing the system complexity with the
utility costs, it would be more apparent that the CHP system in Boston would
be more cost effective than the CCHP system in Los Angeles.

6.8 Economic and Feasibility Analysis

Determining the feasibility of a CCHP system is largely a matter
of conducting an economic analysis of the proposed system to see if it
leads to an acceptable payback, or return on investment. Such a feasibility
analysis consists usually of two or more stages, with the first stage being
the simplest analysis and subsequent stages adding more complexity. The
methodologies for analyzing a CHP system (i.e., one that provides electric
power and heating) versus a CCHP system (one that provides electric
power, heating, and cooling) are identical. A number of useful references
are available that describe these analyses in some detail including a
simple CHP screening analysis and feasibility analysis [64], a CHP Level
1 Feasibility Analysis Data Tool [65] and a CHP Level 2 Feasibility
Analysis Overview and Checklist [66]. The US EPA also provides a
spreadsheet calculation tool for the Level 1 Feasibility Analysis [67].
One free software tool is RETScreen, available from Natural Resources
Canada [68]. Within the USA, comprehensive documentation on CHP
technologies, analysis, state-by-state incentives and policies, and technical
assistance for preparing feasibility analyses is available through the EPA
Combined Heat and Power Partnership [22].

In general, detailed historical information is required for the facility
to which the CCHP system will be applied, including electricity usage and
demand, natural gas usage, the heating and cooling loads, electricity and
natural gas costs (including demand charges and any time-of-use rates),
and the daily profiles for electricity usage and demand, natural gas usage,
and the heating and cooling loads. The first step, therefore, in any CCHP
feasibility analysis is to assemble all this historical data, preferably for
a period of at least one year to accurately represent seasonal energy use.
Additional information may be required post-installation on what rate the
local utility is willing to pay for any excess generated electricity returned
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to the grid. It should be noted that the rates utilities typically pay for
excess generation are much lower than the corresponding rates that the
utilities charge their customers for utility-supplied electricity.

Detailed feasibility analyses require computer simulation, and go
well beyond the one- and two-dimensional load demand curves described
above in Section 7. Here, we will instead focus on a relatively simple
spreadsheet approach, illustrated by an example calculation based on
an actual CCHP feasibility analysis conducted for an installation in the
southwestern USA. This facility is a residential development that includes
a dining hall, fitness center, and a swimming pool/hot tub, making it an
attractive candidate for CCHP because of its relatively consistent heat
load. The option to provide cooling was not considered in this analysis.
The detailed electricity and natural gas usage prior to CCHP installation
is given in Table 6.6. Not surprisingly, natural gas consumption peaks in
the winter, while electricity peaks in the summer. The “kW coincidence
factor” is the fraction of time that the peak electric demands for the separate
loads of fitness center, dining hall, and pool/spa occur simultaneously and
here is taken to be 0.8.

Based on the values shown in Table 6.6, a 130 kW_ natural gas turbine
with heat recovery is proposed as the CCHP system, and the following
assumptions are applied:

1. The 130 kW, turbine runs 16 hours/day
2. The turbine heat rate is 9225 kWh/Btu, and the recoverable heat
rate is 5535 Btw/kWh

Table 6.6. Detailed Electricity and Natural Gas Usage for the Example
Facility before CCHP Installation.

Electricity Natural Gas
Fitness Center Dining Hall Pool/Spa Totals
Month kW kWh kW kWh kW kWh kW kWh Therms | MMBtu
Jan. 78| 34,880 62| 21,000 22 2,920 130 58,800 9,500 950
Feb. 86 40,240 73 26,880 32 2,800 152.8 69,920 8,000 800
Mar. 87| 37,200 68| 24,120 36 2,720 152.8 64,040 7,000 700
Apr. 9P, 35,280 77 26,640 48 2,440 173.6 64,360 5,000 500
May 87 36,800 86 27,480 27 2,280 160 66,560 4,000 400
Jun. 93| 43,360 92| 32,880 47 2,960 185.6 79,200 2,000 200
Jul. 96 43,920 96 37,440 46 3,560 190.4 84,920 500 50
Aug. 97 41,600 89 34,440 32 3,320 174.4 79,360 500 50
Sep. 96| 44,320 89| 33,240 39 3,640 179.2 81,200 1,500 150
Oct. 90| 39,920 80| 27,600 31 3,160 160.8 70,680 3,000 300
Nov. 79 32,400 65 20,640 32 2,600 140.8 55,640 6,000 600
Dec. 74| 32,560 56| 21,240 30 2,560 128 56,360 8,500 850
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For direct heating, the natural gas burner efficiency is 0.75

Coincidence factor is 0.9 for turbine heat recovery

Turbine maintenance costs of $0.009/kWh

Electricity rate schedule after CCHP installation is equivalent to

APS E-32S (APS = Arizona Public Service), for an average cost

of $0.138/kWh

7. Natural gas costs are $7.10/MMBtu for the turbine,
$8.40/MMBtu for direct heating

8. Any excess electricity is sold back to the utility at the rate of

$0.040/kWh during the summer, and $0.035/kWh during the winter.

SNk w

The electric output of the 130 kW, gas turbine is presented on a
monthly basis in Table 6.7. Since the output does not cover the entire
electric load, additional electricity will have to be purchased from the
utility, Arizona Public Service (APS), and those additional kWhs are
also calculated in Table 6.7. The heat output, on the other hand, is
presented in Table 6.8, which includes the additional natural gas that has
to be purchased from the gas utility to meet the entire heat load. In this
case, the natural gas utility is Southwest Gas Corporation (SWG). The
electricity and natural gas usage before and after the CCHP installation
is given in Figure 6.15. Finally, the monthly and total operating costs
for the system after CCHP installation is given in Table 6.9.

Finally, these operating costs are compared to the initial capital
costs to determine the cost effectiveness of the CHP system. Here, we
determine the simple payback through the usual formula:

Table 6.7. Electric Output from the 130 kWe Gas Turbine.

Assumed Daily Remaining Remaining Excess kWh
Days in Operating kW from kWh from to be Sold to
Month kKW Month Hours kKWh APS APS APS

Jan. 130 31 16| 64,480 0 0 5,680
Feb. 130 28 16| 58,240 23 11,680 0
Mar. 130 31 16| 64,480 23 182 440
Apr. 130 30 16| 62,400 44 1,960 0
May 130 31 16| 64,480 30 2,080 0
Jun. 130 30 16| 62,400 56 16,800 0
Jul 130 31 16| 64,480 60 20,440 0
Aug. 130 3l 16| 64,480 44 14,880 0
Sep. 130 30 16| 62,400 49 18,800 0
Oct. 130 31 16| 64,480 B! 6,200 0
Nov. 130 30 16| 62,400 11 86 6,760
Dec. 130 31 16| 64,480 0 0 8,120
TOTALS 365 759,200 93,109 21,000
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Table 6.8. Heat Output from the 130 kWe Gas Turbine.

Recoverable Remaining NG | NG Usage for the | Total NG
Heat Heat Load| Usage from CHP Turbine Usage
Month (MMBTU) |(MMBTU)|SWG (MMBTU) (MMBTU) (MMBTU)
Jan. 357 713 522 595 1,117
Feb. 322 600 413 537 950
Mar. 357 525 272 595 867
Apr. 345 375 86 576 661
May 357 300 0 595 595
Jun. 345 150 0 576 576
Jul. 357 38 0 595 595
Aug. 357 38 0 595 595
Sep. 345 113 0 576 576
Oct. 357 P2 0 595 595
Nov. 345 450 186 576 761
Dec. 357 638 422 595 1,017
TOTALS 4,202 4,163 1,899 7,004 8,903
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Figure 6.15. Electricity and natural gas usage before and after installation of
the 130 kWe gas turbine CCHP system.

Initial Cost ($)

6.3
Operating Cost ($)/Yr (63)

Simple Payback (Yr) =

A summary of the cost analysis is provided in Table 6.10. Including the
CCHP incentive of $52,000 from the natural gas utility, SWG, the simple
payback is a presumably attractive 3.9 years.
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Table 6.9. Electric and Natural Gas Costs after the 130 kWe Gas Turbine is

Installed.
SWG Costs for| SWG Costs for | Total Turbine
APS Net | Remaining NG |NG Usage for the] SWG | Maintenance
Month Costs Usage CHP Turbine Costs Costs

Jan. -$156 $4,711 $4,540| $9,251 $580
Feb. $1,039 $3,731 $4,101 $7,832 $524
Mar. $284 $2,454 $4,540| $6,994 $580
Apr. $681 $772 $4.394|  $5,166 $562
May $590 $0 $4,540|  $4,540 $580
Jun. $2,239 $0 $4,394|  $4,394 $562
Jul $2,573 $0 $4,540|  $4,540 $580
Aug. $1,894 $0 $4,540|  $4,540 $580
Sep. $2,243 $0 $4,394| $4,394 $562
Oct. $1,058 $0 $4,540|  $4,540 $580
Nov. -$75 $1,675 $4,394|  $6,069 $562
Dec. -$242 $3,808 $4,540| $8,348 $580
TOTALS $12,128 $17,152 $53,455| $70,607 $6,833

Table 6.10. Cost Analysis for the 130 kWe Gas Turbine With Heat Recovery.

Annual Electricity Costs after CHP Installation: $12,128
Annual Natural Gas Cost: Turbine $53,455
Annual Natural Gas Cost: Heating $17,152
Annual Natural Gas Costs after CHP Installation: $70,607
Annual Maintenance Costs: $6,833
Total Annual Costs after CHP Installation: $89,568
Annual Cost Savings after CHP Installation: $58,432
Initial Capital Cost: $278,500
Total Incentive from SW Gas: $52,000
Initial Capital Cost - Incentive: $226,500
Simple Payback Year 3.9
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6.9 Future CCHP and Conclusion

With advancing the technologies and market transformation for
CCHP systems, CCHP systems should be rapidly expanded due to various
important benefits, which include reducing fuel and energy consumptions,
greenhouse gas emissions and air pollution, and overall energy costs, and
improving total system efficiency, overall facility reliability and safety, as
well as enabling carbon neutral for biofuel based system. To achieve those
benefits, more future work and investigations are needed by focusing on
the performance improvement of the CCHP systems including:

1. Increasing overall energy efficiency of CCHP system through
maximizing the utilization of the thermal energy in a cascade;

2. Developing novel end-use devices in CCHP systems to deeply
utilize thermal energy beyond the typical CCHP operation
scenarios for higher overall system efficiency;

3. Developing advanced components and subsystems beyond
the conventional art to minimize the energy losses among the
subsystems;

4. Optimizing system design through advanced control strategies to
maximize overall system efficiency;

5. Developing cost effective CCHP systems for both residential and
commercial buildings by using advanced technologies like fuel
cells, organic Rankine cycle based-systems, and others;

6. Investigating the use of new efficient and environmentally
friendly working fluids to reduce the negative impacts from
buildings on our environment;

7. Connecting to the grids using smart grids to increase power
generation efficiency and reduce the infrastructure costs.

Furthermore, it is necessary to educate engineers and the public
in a system approach that integrate design, technology management,
economics, and marketing of CCHP. New technologies in the field and
the supports from government will very much promote the deployment of
CCHP to make US toward sustainability.

Nomenclature
Noverall overall efficiency of CCHP
o the net useful electric power output from

generator, kW
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w electric power from grids, kW

rid
Q,: net useful thermal outputs, kW
Qﬂ, _others other thermal energy inputs, kW
Q  fisel total fuel input, kW
N thermal efficiency of heat recovery
€ effectiveness of a heat exchanger, dimensionless
Omax maximum possible heat transfer rate, kW
Qact Actual heat transfer rate, kW

Useful Resources

https://doe.icfwebservices.com/chpdb/

http://energy.gov/eere/amo/chp-technical-assistance-partnerships
-chp-taps

http://www?3.epa.gov/chp/

http://www.energy.gov/eere/amo/chp-deployment

http://energy.gov/eere/amo/combined-heat-and-power-basics

http://www1.eere.energy.gov/manufacturing/distributedenergy/chp
_database/

http://chpassociation.org/

http://northwestchptap.org/

Calculator

http://www.energygroove.net/energy-cost/micro-combined-heat
-power-calculator/

http://www?3.epa.gov/chp/basic/calculator.html

http://www.tech-4-you.com/ESC/Calculators/
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7 Integration of Solar Energy Systems

Andy Walker, Jennifer Scheib, Ben Kroposki, and Ming Qu

Abstract

Photovoltaics, daylighting, passive solar heating and cooling, solar
water heating, and solar ventilation air preheating are arguably the most
relevant renewable energy technologies for implementation integral to
an individual building or campus of buildings. This chapter provides an
introduction to the operating principal of each technology, components
and systems, applications, recent cost data, and examples.

7.1 Introduction to Integration of Solar Energy Systems

Almost all of the energy efficiency measures discussed in the earlier
chapters of this book are less expensive than a solar energy system to provide
the same amount of energy saved. But as the saying goes “you cannot save
yourself rich” and having installed efficient systems and sophisticated
controls, we need some source of energy to power them. On-site renewable
energy (RE) systems offer several advantages, especially when operated in
concert with a larger utility system. The main reasons to consider RE is cost-
effectiveness, but other reasons are as diverse as: reduction of atmospheric
emissions; compliance with regulations requiring RE; enhanced energy
security through on-site energy source; enhanced reliability through redundant
energy supply; abate risks related to fuel availability and cost, or risk of
fuel-spills during delivery; score points in a sustainability rating system;
or as a mitigation measure in a larger environmental-permitting process.
Renewable energy technologies used on buildings include daylighting; solar
photovoltaics; solar water heating; solar ventilation air preheating; passive
solar heating and cooling load avoidance; wind power; biomass heat (or
cogeneration as discussed in Chapter 8); anaerobic digestion of waste; and
geothermal heat. Ground source heat pumps are also often considered, in-
part, RE systems. Hydroelectric power on the water supply to a building has
also been demonstrated. However, of these, the solar technologies, including
photovoltaics, daylighting, passive solar heating and cooling, solar water
heating and solar ventilation air preheating, are integral to the building —
the others may be thought of as energy supplies exterior to the building
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itself. A vast preponderance of on-site RE generation projects employ these
technologies and they are the topic of this chapter.

We cover the operating principle of each type of solar energy system,
list components and provide schematic diagram of how components are
assembled into systems; provide information for a cost estimate and
life cycle cost calculation, describe how system size may be optimized
to minimize life cycle cost, and we stress the importance of operations
and maintenance (O&M) over a long performance period. Significant
emphasis is placed on integration of solar energy into the conventional
building energy system, both within the building and from the perspective
of the larger utility system, so that savings may be realized without
compromising the reliability of the system. Case studies are presented to
exemplify application of each technology.

7.2 Photovoltaics

Photovoltaic (PV) modules convert sunlight into electricity, and
other components of a system condition the power to be compatible with
the electrical system of a building. PV gets its name from the process
of converting light — photons, into electricity — voltage. This process is
called the PV effect.

The photovoltaics industry has grown tremendously in recent years,
with US cumulative capacity increasing from 18 MW in 2000 to over
36,000 MW consisting of over 1 million systems by the end of 2016.
As of January 2016 the U.S. solar industry employed 209,000 workers.
Globally, PV installations are going in at a rate of 57,000 MW per year
[1]. Photovoltaic technology is the most widely deployed renewable
technology on buildings with geographically diverse applicability and a
range of options from large ground mounted systems, to building-specific
rooftop and facade options.

Figure 7.1 is a map of the solar resource across the globe and
Figure 7.2 shows the solar resource across the US. Both maps show the
resource on the horizontal orientation, which is a benchmark, and a good
indicator of the overall generation potential of different orientations and
tracking options commonly considered for photovoltaics. The map shows
the resource is highest in the southwestern US, like the desert of southern
California and Arizona, and lowest in the northwest, west of the Cascade
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Figure 7.1. Map of solar radiation on the horizontal, a measure of PV
generation potential for photovoltaics (SolarGIS © 2015 GeoModel Solar.
For more information see http://geomodelsolar.eu/) [2].

mountains, and is almost as low in the northeastern US. The value shown
here is in units of kilowatt hours per square meter per day (kWh/m?/day).

In the US, the average is about 5 kWh/m?/day, varying from 3.4 in
Quillayute, Washington to 6.6 in Daggett CA. Solar energy is available in
all parts of the country, but you would need 50% more area than average
in the cloudiest places to get the same amount of energy. Alaska is lower.
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Figure 7.2. Map of solar insolation at orientation of tilt equal to the local
latitude, appropriate for fixed-tilt photovoltaics [3].
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In summer, there would be a lot of sun in Alaska, but in winter very little.
Hawaii is great for PV because there the sun shines at about the same
intensity all year long. Since, as we will see, PV modules are rated at an
insolation value of 1 kW/m?, the value in units of kWh/m?/day may be
thought of as hours per day that a system will deliver its rated capacity,
or “sun hours”.

The solar resource varies throughout the day and the year. Seasonal
changes are totally predictable, as is the angle that the sun will be incident
on a surface throughout the day, but fluctuations due to clouds within a
day are largely unpredictable. The variable and intermittent nature of the
solar resource introduces challenges to how PV is integrated into a larger
energy system, as we discuss toward the end of this chapter.

PV cells convert sunlight directly into electricity and can be used
for very simple applications such as powering watches and cell phones,
to off-grid applications such as water pumping, to distributed-generation
applications such as net-zero buildings, and on to utility-scale grid
connected power generation. An individual PV cell is usually small,
typically producing about 3 watts of power. Cells are connected together
to form larger units called modules rated at 200 or 300 Watts. Modules,
in turn, can be connected is series to form series strings of the desired
voltage, and series strings are wired in parallel to form complete arrays
for the desired amount of power. In this way, PV systems can be built to
meet almost any electric power need, small or large.

The short-circuit operating current of a PV module is not that
much greater than its normal operating current (you cannot say that
of any other type of generator!). For example a PV module with a
short circuit current of 6.5A might have maximum power output at
6.0 A. But as a load (resistance) is imposed on the module, the voltage
increases until it approaches the voltage that can be supported by
the diode that is central to the operation of the PV module. Figure
7.3 shows the equivalent circuit diagram of a PV cell. The current-
voltage relationship for the PV module power output in Equation 1
thus involves William Shockley’s 1956 expression for the current
passed by a diode. In fact, solar cells were one of the first applications
investigated for the diode which went on to be the basis of transistors
and computers.

e q(v + iRseries) _ l:l _v + iRseries (7' 1)

= ilight ) |:
kT Rshunt
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Figure 7.3. Equivalent circuit diagram for a PV cell [4].

Where i is the current output of the cell (amps); ijigy is the light
induced electric current (depends on the photon flux; photons/second
over the area of the cell); the second term is Shockley’s term for the
reverse current through the diode; and the third term is the current back
through the shunt resistance of the cell itself, with the series and shunt
resistances Rgeies and Ry as identified in Figure 7.3. As the voltage, v,
approaches the open circuit voltage, the diode no longer resists current
and the net current output of the cell approaches zero.

A plot of this relation is called the “i-v curve,” and is shown in Figure 7.4.

Current

slope=dv/di=R,,..
i(amps)
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v v, V
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Figure 7.4. Current-voltage relation of photovoltaic cell (i-v curve) [4].
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Examination of the i-v curve gives us important information regarding
the performance of PV module. Voltage depends primarily on the band
gap of the semiconductor material from which the PV cell was fabricated,
but voltage goes down with increasing temperature. Voltage increases
only very slightly with insolation. Voltage is not a function of cell area,
A, (m?). Voltage is proportional to load resistance, v = iRjoaq. Current
increases linearly with insolation (twice as many photons means twice
as many electrons). Current increases linearly with cell area, A, (m?).
Current is inversely proportional to load resistance, 1 = v/Rjg,q.

Each PV cell produces about 0.6 V, so cells are wired in series to get to
the desired voltage and then series strings are wired in parallel to provide
the desired current and power. Modules often consist of almost 100 cells to
bring the module voltage up to 60 V, and perhaps 10 of these modules could
be connected in series for a voltage of 600V for the string. Six hundred volts
is a common voltage in buildings, but increasing voltage reduces current
and wire losses, so voltages of 1,000 volts are becoming more common,
requiring that all components in a system be rated for the desired voltage.

These series strings are wired together in parallel which increases
the current but does not increase the voltage above that of each series
string. Thus large arrays of solar modules can be assembled creating a lot
of power. The strings of each array would come together into a combiner
box, and larger wires from there would run to an inverter which converts
the power to alternating current, or AC, compatible with the utility system.
Once we convert direct current to AC we can use a transformer to increase
the voltage and send it over long distances, but wiring losses are a concern
on the lower voltage DC side of the system, so once we get to around
500 kW of PV on one inverter, it makes more sense to start another system,
then to add more PV to that inverter. So typically if you hear of a 1| MW
system what you probably have is two 500 kW systems next to each other.
Large central inverters in utility-scale PV systems can exceed 2 MW, but
in buildings applications, and inverter on each PV module (microinverters)
or on each string of modules (string inverters) have performance and
reliability benefits, albeit at significantly higher cost than central inverters.

There are several types of PV devices. The oldest are the crystal
technologies which grow a single cylindrical crystal of silicon and then
saw it into round wafers. Multi-crystal are a variation on that which pours
the silicon into an ingot and cool it at a rate that maximizes the size of the
crystal grains. These crystalline devices are much thicker, and use more
material, than thin-film technologies such as Cadmium Telluride. Thin film
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devices can be much less expensive to manufacture but they have lower
efficiency. Single crystal is currently the most efficient, with companies
like SunPower producing modules in excess of 20% efficiency. Thin film
silicon is the least expensive but there is not much benefit in reducing
cost if the efficiency is low. Perhaps the best ratio of cost and efficiency
is realized with the Cadmium Telluride technology, and First Solar has
grown to be one of the largest manufacturers by using Cadmium Telluride
technology. These technologies all compete in a market where $ per watt
of rated capacity is the commodity. But high efficiency single crystal
technology will take up less space where roof area is limited, and thin film
technologies keep their efficiency better at the higher temperatures of hot
climates. In addition to the technology type, the manufacturer and market
conditions will impact which PV technology makes the most sense for
your building project.

International Electrotechnical Commission (IEC) standard IEC
61853-1 requires that module performance be reported under 5 different
sets of conditions. ASTM standard G173-03 solar radiation spectrum and
“1.5 air mass,” (1.5AM) is the standard atmosphere used in all five test
conditions.

1. Standard Test Conditions (STC):
For non-focusing modules for use on Earth, the specified STC
insolation is I, = 1000 W/m? and the cell temperature is T, =
25°C (78°F)
For focusing collectors, the standard for insolation of direct beam
radiation of 850 W/m? (IEC, 2006).
2. Nominal Operating Cell Temperature (NOCT):
Insolation I, = 800 W/m?; ambient temperature Typpicnt = 20°C;
wind speed = 1 m/s to specify air movement cooling the module.
3. Low Irradiance Conditions (LIC):
Insolation I, = 200 W/m?; module temperature Tee = 25°C
4. High Temperature Conditions (HTC):
Insolation I, = 1000 W/m?; module temperature 7. = 75°C
5. Low Temperature Conditions (LTC):
Insolation I, = 500 W/m?; module temperature Tee = 15°C

The first one, STC, is the commonly adopted definition of power
rating in the PV industry. A PV module rated at 220W would typically
mean that the module generates 220W under STC conditions; and an
entire PV system rated at 2.2 MW would mean that it is comprised of
10,000 of such modules.

297



Roof racks can hold the PV up in an optimal orientation, but PV also
does quite well when mounted flush with the roofline. Racks can penetrate
the roof and attach to the structure, but non-penetrating systems are also
available which sit on top of the roof and use ballast, or weight, to hold
them down. PV modules can last more than 25 years, so avoid installing
them on older roofs that may need significant repair or replacement within
a 25 year period. If necessary, PV modules can be removed to replace
a roof and then be reinstalled. Labor, however, is expensive-about half
cost of PV — so this is a critical consideration for the long-term financial
feasibility of a project. When installing solar panels on a roof, codes and
standards related to fire protection require the installer to leave walkways
for access to skylights, roof hatches, rooftop machinery, communications
equipment, and other considerations to provide access and meet
requirements imposed by a fire marshal. Fire marshals and local building
officials may need to approve the layout of a rooftop solar array.

Conduct a thorough engineering study and roof structural analysis —
the roof must be able to support the weight, but the design is usually
governed by holding them down in the wind rather than holding them up,
or by requirements related to seismic loads. Wind load is controlled by
mounting panels at a low tilt angle and adding aerodynamic backsheets to
the array. In windy areas, the amount of ballast weight required to resist
wind loads can exceed the structural capacity of the roof. In such cases
attached roof racks are indicated.

While many buildings have open areas on the roof that could be used for
photovoltaic modules, some are crowded with HVAC and communications
equipment, not structurally suitable, or limited by building codes or other
regulations. Also, tracking systems have energy advantages but are very
difficult to use on a rooftop because the wind loads are concentrated on the
tracking mounts. In any of these cases, ground-mounted PV may be the best
installation choice. Common ground-mounted foundation systems include:

* Piles driven into the ground by pile-drivers or vibrating machines.
These are the simplest and least expensive, and consequently the
most common.

*  Screws drilled into the soil. These are simple and cost effective,
and make sense in certain soil conditions. The shape of the screw
itself will depend on soil conditions and loads.

*  Concrete caissons and footers were more common before the pile
and screw technologies were developed, and may make sense for
certain ground conditions.
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» Ballasted systems use heavy ballast weights on top of the ground
or roof to hold down the PV modules. They are useful in areas
where digging and drilling is a problem because of previous
soil contamination, environmental concerns, capped landfills, or
cultural concerns such as historic or archaeological sites that may
have artifacts beneath the soul surface.

Building integrated PV or BIPV — is an interesting approach
where PV can form part of the building itself and could be considered
when structures are renovated, or are planned for new construction.
PV technologies and materials can be made in an exceptional diversity
of forms to fit any building type. Because of this, PV materials can be
effectively integrated into building components such as windows and
walls, shingles, flat roofs coverings, and standing seam metal roofs,
among others. None of the building integrated examples to date have
been hugely successful in the marketplace but new designs are deserving
of consideration.

Most roof mounted systems keep a fixed orientation, but we can
get about 40% more energy per day in the summer if we track the sun
from east to west as it moves across the sky. In winter, any surface tilted
toward the equator will have a good exposure, so tracking does not
help much in winter and annual improvement of tracking compared to
fixed tilt is on the order of 25%. Such tracking systems are becoming
the norm for ground mounted systems. For ground mounted systems, the
slope of the land should be minimal and construction techniques for
the slope should be considered early and carefully. Driven piles require
flat land to accommodate large hydraulic-driving machinery. PV can be
installed on steeper slopes, but may require expensive hand construction
and special foundations. PV can be mounted on monopoles to limit
surface disturbance. If the land has to be graded, grading considerations
include topsoil removal, surface treatment, and erosion control. Grading
can have environmental impacts, and may require topsoil restoration.
Some projects prefer to put down a groundcover like gravel so that they
do not have to manage the vegetation growing up around the array over
time.

Depending on the spacing of the photovoltaic modules, it is typical
to estimate around 6 acres per MW of rated capacity. The row spacing
or array spacing will vary for fixed flat plate modules depending on tilt
angle and latitude, and additional space may be required for single or dual
axis tracking to avoid shading and provide access.
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A schematic diagram of a grid-connected PV system is shown in
Figure 7.5. Components that make up a grid-connected PV system include:

*  Photovoltaic modules, to convert sunlight into Direct Current
electricity;

e Combiner box provides a fuse for each series string and
combines small-dimensional wires from each series string to
larger conductors which run to the DC disconnect. Recent safety
requirements require “rapid shutdown’ and arc-fault detection and
interruption which can be accomplished by adding these features
to the combiner box;

*  DC disconnect to disconnect the PV system from the inverter. Notice
that this keeps the power from the inverter but the DC side of this
disconnect will be energized whenever the sun is shining on the array;

* Inverter to convert direct current to alternating current so that it
can be compatible with utility power and used by modern electrical
devices AC Disconnects on the AC side of the inverter;

e Transformer to convert the incoming voltage from the inverter to
the voltage desired in your electrical system, 480 V three phase
power is common for commercial buildings;

* An Electric Panel in the building or new electrical connection
through which the Alternating Current can be delivered and
distributed to your local power load and onto the grid;

- = | 2 - "~ t i g S

inverter

combiner

__AC disconnect -
main breaker

breakers to AC loads

DC disconnect

ground

AC panel

Figure 7.5. Schematic diagram of grid-connected PV system [4].
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» Utility Meter to record power flow both to and from the Utility
Grid; and
»  Other Electrical Components such as wiring and conduit.

Figure 7.5 shows the schematic diagram for a simple grid connected
systems with no batteries, but batteries could be added to provide
energy when the sun is not shining, and in which case we would need
the following additional components: a charge controller to keep the
batteries from over-charging low voltage disconnect to keep them from
discharging too much. A different type of off-grid inverter would also be
required for use with batteries. A “dual mode” inverter could operate in
either grid-connected or battery-only mode.

There are several inverter configurations:

*  Micro-inverters are inverters on each module.

« String Inverters are inverters on each series string of PV modules.

* Central Inverters combine DC output a PV array into a single
location for conversion to alternating current.

*  DC Optimizers can optimize the output of each module or string
for use with central inverters.

Each of these configurations has advantages and disadvantages. Micro-
inverters optimize the power output by each module and can accommodate
different levels of shading and different module orientations. Similarly,
string inverters accommodate shading of strings and different orientations
of strings. Micro-inverters and String-inverters minimize DC wiring and
instead use more conventional AC wiring and switchgear to consolidate
the solar power output. This has advantages in building applications where
building codes, safety considerations, and O&M costs tend to favor the more
conventional AC wiring. Requirements for rapid shutdown and arc-fault
detection and interruption can be more easily satisfied with micro-inverters
and string inverters. Central Inverters are often employed in large systems
due to lower per-kW cost and in large ground mounted systems where safety
considerations related to occupied buildings do not apply.

Costs change quickly and are hard to keep up to date. Major costs for
the installation of a PV system in 2015 include the following [3]:

e PV Module Costs are around $0.69/W in 2015; $0.58/W for Chinese
manufacturers, lower for large orders from some manufacturers.

* Cost of the inverter ranges from $0.08/Watt for large central
inverter to $0.19/Watt for small residential size.
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» Balance of system refers to rack and foundation which are $0.25/
Watt; conductor and conduit which are about $0.14/Watt; and
switches, disconnects, and other details which add up to $0.17/
Watt. Installation labor is estimated at about $0.38/Watt.

*  Soft costs such as design and construction management add about
$0.15/Watt

*  There might be about $0.20/Watt in general overhead and profit.

e Land & Infrastructure: In most cases, there will be no cost for the
roof or land area to the building owner but there will likely be
competing uses for that space and costs involved in preparing the
location for a solar installation.

e Transmission, Distribution, and Interconnection costs occur if it is
necessary to build or at least upgrade this infrastructure.

*  Compliance: A PV facility may incur significant cost to comply with
environmental, utility and cultural permitting regulations.

To design the desired size of a new PV system under predicted
conditions, or to compare the actual power output of an existing PV
system with what it should be producing under measured conditions,
power output of a solar PV system may be calculated as a function of
environmental conditions with Equation 7.2:

*
Psolar = PSTC {M IC (1 - 5((Tambienl (7'2)
(1000W/m?)
, (NOCT =20C)

Ie)-25C
goomm?) B

Pgo1ar = power output of the solar system in kW;

Pgtc = rated size in kW, nameplate capacity; STC refers to Standard
Test Conditions

hgos = balance of system efficiency; typically = 0.77 to 0.84 (NREL,
2011) [6];

degr = an age degradation factor that is 1.0 initially but degrades at
0.5 % per year. For an average over a 25 year period, a degradation factor
of degr = 0.94 provides an estimate of the degradation levelized over the
years. I, = solar insolation in plane of array (W/m?).
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The factor & = temperature coefficient of power (1/C), which is
usually on the order of 0.004 1/C for Silicon PV modules and less for
other technologies.

Tambient = ambient temperature (C);

NOCT = nominal operating cell temperature, which is a number
found in the manufacturer’s literature and is often around 47°C.

Conversely, if we know Py, as the amount of power that we need to
get from a system, we can use the above equation to calculate how many
Watts rated at STC, Psrc, would provide that amount of power.

Scheduled PV maintenance requirements are very low and routine
compared to other types of electricity generation. Still, it is very important
to have an O&M plan in place, to do the preventative maintenance, and to
do the monitoring to know when things go wrong and to have a plan
to fix them. O&M costs vary from $0 to $40/kW/year with an average
of $17/kW/year for small systems and $15 for larger [5]. The primary
maintenance in some locations can be periodic inspection and performance
test and washing the array. However, soiling is highly dependent on local
conditions (bird populations; pollen; agricultural dust; construction dust;
diesel soot) and if rainfall is sufficient, washing may not be required at
all. Systems should be inspected annually to tighten electrical connections
and remove debris, like vegetation, insect nests, dust, and leaves. Other
maintenance items include the inspection of combiner boxes with an
infrared camera to look for loose connections and cleaning of the air filter
if your inverter includes a fan for cooling. Systems with trackers also
require routine maintenance to keep moving parts working efficiently. It
is possible that using a tracking system can double the maintenance costs.
Unscheduled, or corrective maintenance costs may include servicing the
inverter and replacing rusted components or other unpredictable costs that
may be caused by theft, vandalism, or wildlife damage. You do not need
to keep the cash on hand but you need to have a plan on how funds can be
obtained to fix failures, such as a line of credit — otherwise your system
may sit there for years without producing while you try to find money to
make a simple replacement or repair.

Completed in 2008, the grid-connected PV system shown in Figure
7.6 was procured from the GSA Schedule and is rated at Pgtc = 309 kW
with an estimated cost of $2.9 million without incentives. There are 1584 *
195 watt PV modules with a 333kW inverter. Using Equation 1 with
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Figure 7.6. Example of PV system: Veterans Administration, Jerry L. Pettis
Memorial Medical Center Loma Linda, CA (photo courtesy of Larry Barrett,
Veterans Administration).

an average solar resource of 5.5 kWh/m?/day and a balance of system
efficiency of hgps = 0.77 gives an estimated annual energy delivery of
477,459 kWh/year. In fact the first year of operation the system delivered
497,288 kWh/year, varying from 14,000 kWh in December to 60,000 kWh
in May. The hospital was happy with the performance and is currently
working on adding PV and constructing solar carports. Annual utility
cost savings are estimated at approximately $62,000 per year. The project
received a production incentive of $0.37/kWh for the first five years. The
estimated payback period with incentives is approximately 17.6 years.

7.3 Daylighting

While often thought of as a lighting energy efficiency measure,
daylighting offers perhaps the most direct potential for delivery of solar
energy and associated energy savings in commercial buildings. Natural
solar light can enhance a building aesthetically and also improve energy
efficiency and reduce operating cost. Daylighting also adds to security and
maintained use of a space if the power were to go out during daytime hours.

Daylighting is the controlled admission of natural light, both direct
sunlight and diffuse skylight, into a building to reduce the need for
electric lighting and save energy costs. A daylighting system consists
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of apertures to admit daylight, measures to control glare and thermal
discomfort, and controls to reduce use of the electric lighting system.
Architectural considerations include: building orientation and shape, size
and orientation of apertures, window glazing treatment, shading devices,
and light redirection devices. Interior design considerations include color
selection to balance contrast for ceilings, walls, floors, and office furniture,
furniture layout and equipment placement, and occupant orientation
relative to apertures. Control solutions involve zoning overhead or other
ambient light fixtures for automatic or manual dimming or switching in
response to the available daylight. Additionally, control solutions may
involve occupant engagement strategies for tuning electric lighting,
including task lighting, and shading or redirection devices.

By providing a direct link to the dynamic daily and seasonally
changing patterns of outdoor illumination, daylighting helps create a
visually stimulating and productive environment for building occupants,
while reducing as much as 30 percent of total building energy costs.
Daylighting is a viable, energy-efficient strategy in almost any climate,
including typically overcast climates such as those found in parts of
the Pacific Northwest. Daylighting can work in all building types as
well, including office buildings, schools, hospitals, warehouses, and
maintenance facilities. The architectural, interior design, and lighting
control response to daylighting differs by building type, climate, siting
constraints, and many other factors. Like PV, the first step in a daylighting
evaluation is to understand the total solar resource at the building’s
location. This is necessary to get a sense of the potential for daylighting
and the need to control solar gains into the space. As part of this first step,
it is necessary to understand the type of resource at the site, including:

1. amount of overcast days versus clear and sunny days, and
2. the range of solar azimuth and altitude angles.

An optimized building footprint is a foundational element of a daylit
building design. For example, a common daylit building shape starts with
an articulated floor plan with a lot of access to the perimeter (rather than
a dense core zone). A daylighting building has thinner floor plates, and
courtyards or other voids to provide access to light. Frank Lloyd Wright
said the floor plate should not exceed 45 ft, but by using reflectors to
bounce light deeper into the space, a building at NREL has a 60-foot floor
plate. These shapes are very common in historic buildings where daylight
was the principal source of light. Light from the sun’s relatively horizontal
movement across the sky is reasonably simple to control with overhangs
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or louvres on the side of the building that faces toward the equator (south
side in the US). Diffuse light from the north is a great source of daylight
because it does not entail a lot of glare and heat gain. However, the rays
of eastern and western sunlight change radically on a daily, hour-by-hour
basis and are extremely difficult to control and adapt for daylighting
spaces with critical visual tasks. Because optimized daylighting depends
on intentional design of the building footprint and orientation, this is
usually only possible for new construction projects and additions, and
typically does not apply to retrofits. Skylights can convey the soft gray-
blue light of the overhead sky into a building but only on the top floor
and they may introduce unwanted heat gain and glare in summer when
the sun is directly overhead. “Active skylights” have moving reflectors
to amplify sunlight into the skylight well. “Tubular daylighting devices,”
or solar tubes, use reflective coatings that allow sunlight and skylight to
efficiently penetrate dropped ceilings and multiple floors of a building.
Some of these systems also attempt to reduce the daylight ingress in the
summer months to balance daylighting with cooling loads, as would roof
monitors and vertical clerestory windows.

Regarding fenestration, the window-to-wall area ratio should be
responsive to the climate and optimized for daylighting. Because even the
most high-performance glazings donothave insulation ratings close to those
of opaque wall constructions, the window area must be a careful balance
between admission of daylight and thermal issues such as wintertime heat
loss and summertime heat gain. It does not take a lot of window area to
meet daylighting goals; the design challenge is to appropriately distribute
the windows and limit unwanted heat gain and glare. Good daylighting
fenestration practice dictates that an aperture should ideally be composed
of two discrete components: a daylight window and a view window. The
daylight window should be placed on the wall approximately 7.5 ft (2.3 m)
above the finished floor and have a high visible transmittance 50% to 75%;
the view window should be placed lower on the wall and have a visible
transmittance of less than 40% in most climates.

Regarding window glass, the properties should depend on the
application: whether it is a view window, a daylighting window, a
skylight, or a window for a passive solar heating system. Key properties
are heat transfer coefficient or U-value (W/m’K) and Solar Heat Gain
Coeftficient (SHGC), and Visible Light Transmittance (VLT). A high-
performance glazing system admits more light (high VLT) and less heat
(low SHGC) than a typical window. Ways to reduce solar heat gain
include:
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1. Tinted glass: bronze, or green and light blue tints (the latter tends
to have a higher light-to-solar heat gain ratio keeping a bright
appearance in the space)

2. Coated glass, including:

a. Reflective coating: a thin metallic layer reflects heat and
much of the light

b.  Spectrally selective coating: a microscopically thin layer
of metal and metal oxide or semiconductor absorbs
ultraviolet and infrared radiation but allows visible light
to pass through (this is often the same as a low-emissivity
coating in glass specification)

3. Dynamic technologies, including:

a. Electrochomic glass: changes SHGC and VLT with an
applied electric voltage
. Thermochromic: changes SHGC and VLT with temperature
c.  Photochromic: changes SHGC and VLT with incident
light level.

These glazings are typically configured as a double pane insulated glazing
unit, with two 0.25 in. (6 mm) thick panes of glass that are separated by a 0.50
in. (12 mm) air gap, although the building I am writing this in has three panes
for even less heat loss. A low-emissivity coating, which reduces emissivity
(thermal radiant heat transfer), is often part of any high-performance glazing
unit, which further lowers (improves) the U-value of the unit.

Solar shading devices are often employed on facades that receive
direct sun, particularly on the equator-facing view windows. Shading
devices minimize the amount of direct sun that enters the space. Horizontal
shading elements are typically called overhangs and vertical elements are
typically called fins.

Daylight redirection devices take incoming direct beam sunlight and
reflect or refract it, generally onto the ceiling. These devices serve two
functions. First they control glare, by redirecting the sunlight away from the
eyes of occupants. Second, they cause the sunlight to penetrate deeper into
a room, so sunlight is directed into a part of the floor plate that would not be
otherwise have daylight. Daylight redirection devices generally take one of
three forms and scales: a large horizontal interior element, called lightshelves,
louvered systems that have an appearance similar to mini blinds, or films that
look similar to diffuse or etched glass when applied to clear glass.

Electric lighting controls that respond to the amount of daylight are
absolutely essential to any daylighting system. No daylighting design
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will save energy unless the electric lights are dimmed or turned off when
there is sufficient illumination from daylight. A typical control solution
includes light level sensors (photocells) mounted on the ceiling to
measure light reflected back up by a work surface. These sensors might
send a low-voltage control signal to a relay for multi-level switching or
to a dimmable ballast for continuous dimming. Switching controls are
on-and-off controls that simply turn the electric lights off when there is
ample daylight and turn them on when there is not. Multi-level switching
controls determine the settings of individual lamps within a light fixture
(luminaire) to provide intermediate levels of electric lighting. In multi-
level switching, a fixture with three lamps could have 0, 1, 2 or 3 lamps
on for four different lighting levels. Dimmable ballast typically reduce
electric light output in a continuous fade to somewhere between 1%
and 10% of the maximum power depending on the technology, and then
turn off below that. The solutions discussed automatically adjust electric
lighting by modulating the power input to lamps to complement the
illumination provided by daylight.

In addition to completely automatic daylighting controls, a manual-on
control element can be useful for increasing occupant comfort and energy
savings by allowing occupants to take advantage of low daylighting
levels in a space when they are working on a computer or performing
non-critical tasks. In this approach, the occupant must choose to turn on
the lights or increase the dim level after the electric lighting has been
automatically reduced. Additional electric lighting control strategies
should be incorporated where they are cost effective. These include:

*  Occupancy controls that use infrared, ultrasonic, or microwave
sensor technology to detect movement or object surface temperature
and automatically turn off or dim luminaires when rooms are left
unoccupied. Typical savings have been reported to be in the 10% to
50% range depending on the application.

* Timers are simple devices that turn lighting off or on at a set
schedule. If spaces are known to be unoccupied during certain
periods of time, timers are extremely cost-effective devices.

Even with good design, daylighting will not be uniform over time
and throughout a space. Task lighting is provided to allow individual
occupants to create lighted spaces to suit their specific needs while
performing a specific task. For example, providing individual desk lamps
at occupant workstations allow the occupants to control lighting levels in
their own work areas.
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A daylight-optimized environment complements and provides balanced
daylight distribution and electric lighting. Interior design considerations
include the arrangement of low-walled private interior offices, workstations
pulled away from the perimeter wall to prevent glare, appropriate shading
of the vision glass to maintain views for all occupants (exterior overhangs
without interior shades is common), specification of furniture, selection
of light color schemes to enhance daylight, and specification of electric
lighting fixtures. Colors of walls and floors are selected to enhance
daylight distribution onto walls and the ceiling to increase visual comfort
and detection of objects in the general space. Room surfaces are generally
finished with light colors—darker colors on poles, thresholds, and stair
treads provide contrast that can increase visual comfort and safety. This
integrated approach to rending the space with daylight and electric light
allows for occupant comfort with lower ambient illuminance—task lighting
then brings the additional lighting to work surfaces as needed by different
occupants at different times of day.

With the exception of noisy or group work areas, the typical office
cubicle partition heights will generally be low so that distribution
of daylight is not blocked. This is especially true for those spaces
running parallel to the south fagade or along exterior walls. Enclosed
office counts are kept to a minimum. The selection and design of open
office furniture, especially workstation panels, requires a continued
commitment to the preservation of daylight and views. Workstation
panels must be kept low (42" or less) and parallel to the direction of the
daylight distribution to ensure the penetration of light and maintenance
of views. Where higher panels (48" or greater) are required for privacy
or to create a sense of enclosure, they should be oriented perpendicular to
the perimeter glazing. Sixty-five inch tall panels that are perpendicular
to the direction of daylight distribution can enable privacy and allow for
ample storage without compromising views or creating dark shadows.

Furniture design and placement also affects daylight. By positioning
work surfaces at a distance from the south facade, solar control is easier
with smaller overhangs or louvers than if a desk or office is placed directly
against the south fagade.

Workstations should be designed whenever possible so that the
direction most occupants face while performing visual tasks (i.e., looking
at a computer) is not directed toward daylight openings. This positioning
helps avoid the visual discomfort occupants experience when looking into
shadows, or worse, from the excessive contrast that occurs when a visual task
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area is immediately surrounded by the brightness of a view to the exterior.
The reflection of a window should not be visible in your computer screen.

The position and visual character of the “back” wall, the wall opposite
a perimeter window, can serve a crucial role in receiving and reflecting
daylighting that travels horizontally into the space. If this wall receives
sufficient daylight, and is of a relatively high reflectance value, it will serve
to balance the brightness of the view through the perimeter windows. Walls
and ceilings should be as highly reflective as possible. This bounces and
distributes the redirected daylight more fully and uniformly. In general,
light finishes and interior colors support daylighting.

Many elements of an optimized daylighting system are exemplified
by NREL’s Research Support Facility open office design. The following
section identifies relevant features of the architectural, interior, and
electric lighting design.

We do not report here the cost of a daylighting system because it is
not possible to separate it from the architectural elements of a building.
Premium windows and shading elements do add cost, and dimmable
ballasts are about $60 each compared to $20 for a non-dimming ballast,
but daylighting has the potential to provide significant cost savings.
Additionally, electric lighting accounts for 35% to 50% of'the total electrical
energy consumption in commercial buildings. By generating waste heat,
lighting also adds to the loads imposed on a building’s mechanical cooling
equipment. The energy savings from reduced electric lighting through the
use of daylighting strategies can directly reduce building cooling energy
use by an additional 10% to 20%. Consequently, for many institutional
and commercial buildings, total energy costs can be reduced by as much as
one-third through the optimal integration of daylighting strategies.

As part of any routine building cleaning regimen, any windows and
daylight redirection devices should be cleaned on a regular basis to ensure
the optimal performance of the transmitting and reflecting surfaces. For
commercial office spaces, most manufacturers of redirection devices
recommend an annual cleaning cycle, with more frequent cleanings
required for dirtier environments. Maintenance also should ensure that
areas designed to admit daylight are not shaded by growth of landscaping
or other obstructions. Initial landscape design should account for
daylighting needs as landscape matures. However, if maturing landscape
interferes with daylight levels, significant pruning or replanting may be
needed to ensure that daylight levels are maintained as designed.
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Figure 7.7. An example of the daylighting system an NREL Research Support
Facility including apertures; louvers and overhangs for directing light;
controls on artificial light (figure by RNL courtesy of NREL).

Tools to predict and evaluate annual daylighting distribution are
advancing rapidly and include Radiance (accessed independently or as
part of the OpenStudio platform); DAYSIM; IES-VE; 3Ds Max; and
AGi32. Future tool enhancements will allow for improved prediction
and understanding of occupant response to glare potential and nuances
of integration between the architectural, interior design, electric lighting
and control systems for optimized daylighting design. Simulation tools
are further integrating daylighting and electric lighting with whole-
building energy simulation. This integrated approach also allows for
multiple-purpose daylighting solutions, including building-integrated PV
systems. Tools such as IES-VE [http://www.iesve.com/] and OpenStudio
[https://www.openstudio.net/] are tools with this capability.

The daylighting design landscape of evaluation tools, technologies,
and approaches is evolving. Some new and innovative solutions include:

*  Behavior-based control solutions that allow occupants to “opt-in” to
use electric lighting or shading devices but set the system back to
optimal energy efficiency settings at various points throughout a day

e Small-scale redirection devices such as prismatic films for
daylighting windows

*  Dynamic glazing such as electrochromic glass
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* Light emitting diode (LED) fixtures with high-resolution sensor
distribution and wireless controls for improved responsiveness to
daylight contribution, especially in retrofit scenarios

* High-resolution energy use metering with automatic, initial and
ongoing commissioning of daylight responsive electric lighting
systems to ensure the expected performance is achieved.

7.4 Passive Solar Heating and Cooling L.oad Avoidance

Passive solar heating was widely used long ago, and probably
well understood before the availability of central heating systems with
continuous fuel delivery and automatic thermostats. But the passive solar
approaches described here rely on modem advances in the performance of
windows, insulation and storage systems. A building might not benefit from
passive solar heat if it has a lot of internal heat sources such as lights and
computers or is in a warm climate-but all buildings are exposed to the sun so
understanding solar heat gain can also save energy by avoiding solar heat.

Passive Solar Heating is an architectural solution so it begins with
programming the spaces within a building and layout on the site. An
orientation with the long axis parallel to the equator is considered ideal. In
the winter, the sun is low in the southern sky (in the northern hemisphere),
and the extended south wall of the building is exposed to solar heat. But
in the summer the path of the sun is more overhead and from east to
west, so solar heat gain in summer is reduced by minimizing the east
and west facades and having few windows on that side. The daylighting
discussion above praised north facing windows for quality daylight, but
the sun hits north windows rarely and at an oblique angle. The color of
external surfaces can be selected to either absorb (dark) or reflect (light
colors) solar heat. A building with the long axis stretched out from east to
west is said to have a “high aspect ratio.” An articulated floorplan can add
solar heat gain to multiple wings, courtyards or atria, and the width of the
floorplate rarely exceeds 20 m (60 ft) in passive solar buildings.

The heat loss coefficient (UA) Watts/m?/C; is the heat loss per unit
area of surface area to the ambient and per degree of temperature eleva-
tion above ambient temperature. The area A in the heat loss coefficient is
the effective surface area of the room. The temperature difference driving
the heat flow is the difference between the room temperature T;oom and the
ambient temperature, Tampient. The overall (UA) of the room is determined
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by adding up the heat loss from all the wall elements of the room and
including a term for the infiltration of ambient air into the structure.

(UA) = Z(],A, + Minﬁltmtion Cp (73)

where Uj is the thermal heat loss coefficient of each building element
(roof, wall, floor, window, door, etc) in W/m?/C and A; is the surface
area of that element in m”. The U-value of an element may be calculated
from its thermal conductivity and its thickness. The mass flow rate of the
infiltration air iS Mjsfijeration-

Over the course of a day, the heating energy required is
Eheat,day = -[day [(UA)(Troom - Tambient) — Bnternal ]dt (7.4)

where Pigternal 1S the “internal heat gain” from busy people and
computers and lights within the space.

The solar heat gain through a window is proportional to the “Solar
Heat Gain Coefficient” (SHGC) which is the fraction of the incident solar
heat getting through the window to the inside of the room including both
direct beams of sunlight coming through and sunlight absorbed in the
glass that eventually makes it into the room. This is a property of the
glazing assembly which is stamped on the label of every window, and is
often on the order of 0.7. The energy coming through The energy coming
through a window over the course of day would be

Egolar-day = jday A.KI.SHGC dt = A.KI, 44y SHGC (7.5)

Where ¢ 44y €quals the total solar insolation incident on the window
over the day, usually on the order of 3 kWh/m?/day for a south-facing
vertical window in the wintertime. K is the incident angle modifier
accounting for increased reflection at high incident angles. Ac is the
area of the window (m?).

A window overhang is described by two dimensions; the “projection”
distance that the overhang edge sticks out from the plane of the window
and the vertical “offset” height from the top of the window to the edge
of the overhang. There is no one overhang dimension that is perfect for
all seasons. The sun is in the same position on both the spring and fall
equinoxes, but in spring it is cold and we need heat and in fall it is hot
and we do not. However, it is possible to design a single overhang which
provides complete shade at noon on the summer solstice and complete
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sun on the winter solstice which seems like a good design criteria. For
example, the overhang over a 2 m (6.6 ft) tall window at a latitude of
41.2 degrees would have a vertical offset between overhang edge and top
of window of 0.4 m (1.2 ft) and a horizontal projection from the plane of
window to edge of overhang of 0.75 m (2.5 ft).

Thermal storage is needed to store the solar heat for use at night.
“Sensible” storage media, such as concrete, brick, rock, or any mass,
store heat associated with an increase in temperature. Phase change
materials (PCMs) have been fabricated into shapes that can be added to
building walls, floors, and ceilings. PCM’s store heat through a change
of phase rather than a sensible temperature increase. So if the transition
temperature of the material is within the comfort range of the space, they
keep the temperature very constant. The change of phase also stores a
large amount of heat so less mass is required. The amount of heat stored
as a storage media increases in temperature by an amount AT 1S

Qstored = Mstorage [Cp,storage AT storage + 7\fstorage] (76)

where Miorage 18 the mass of the storage medium (kg or Ibm), Cp sorage
is the specific heat (kJ/kg/K or Btu/lb/F), and where Agrage 1 the “latent
heat” of the phase change material the amount of heat in J/kg or Btu/lb that
is absorbed or released as the material changes from one phase to another, if
its phase transition temperature is within the range of temperature increase.

The term “direct gain” means that sunlight is admitted directly into
the living space. Direct gain designs are often implemented with standard
construction of windows and massive floor slabs. Carefully implemented
direct solar gain may contribute to daylighting objectives and allows
views of the outdoors. Direct sunlight in the space causes some problems
too: it can cause visual glare and thermal discomfort due to overheating or
radiant asymmetry.

The temperature of a “sunspace” is allowed to get too hot during the
day and too cold at night, but by doing so it makes a positive contribution
to the heating load of the building that it is attached to. Significant mass
in the wall between the sunspace and the room to be heated provides
thermal storage and a transfer of heat from the sunspace in the daytime
to the room at night. A thermal storage wall, or “Trombe Wall,” is like
a sunspace without the space. The massive concrete or masonry wall is
built directly behind the glass of the window. A high surface temperature
is required on the surface of the Trombe wall to drive the heat into the
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mass by conduction. Diagrams and examples of each of these three
passive solar heating strategies are illustrated in Figure 7.8.

The sizes of a the major components (window area, mass) of a passive
solar system are best determined by optimizing life-cycle cost, and satisfying
other constraints, using a computer program that takes into account the
climate and details of the design. However, we must estimate at least a
preliminary size before a design is created, and this may be accomplished
by simple hand calculation. If our objective is to offset all of the heating
requirements (SF = 1), then the collector area may be sized such that the
average daily solar resource be equal to the average heating load.

Esolar,day = Eheat,day (7-7)

The month with the greatest Heating Degree Days, HDD j4, nax (the
coldest month, usually January or December in the northern hemisphere
and June or July in the southern hemisphere) is chosen to make this
balance. HDDyone, has units of Cdays/month or Fdays/month. The daily
solar resource coincident with this maximum heating load is I min day- The
solar energy incident on the plane of the collector aperture (usually vertical
window facing toward the equator) corresponding to the same month as
the HDD is maximum. Then the required solar collector area window area,
Ac, is calculated as in Equation 7.8.

|:(UA) * (HDDmonth,max ) /(3 ldays) - Bnternal * 24h0ur/day})
month

A = s
KIc,min,daySHGC (7.8)

We have adopted previously the convention that full sun is at a value of
1 kW/m?, allowing us to calculate a “sunhours” per day by dividing Esolar,day
by 1 kW/m?. We would like for the temperature in the space to be uniform,
but if we can tolerate a ATorage, Of, say 4°C (8°F) we can determine the
amount of mass that would be required to store the daily solar resource.

Acch,min,daySHGC - [UA(Troom - Tambient) - Bnternal] * sunhours

M storage =
Cp,storage ATstorage

(7.9)

Equations for passive solar heating analysis can be evaluated hourly
by a computer program, but in this simple hand calculation we perform
the comparison for an average day of each month. In any month, the
amount of energy saved by the passive solar heating system directly
during the day would be the minimum of the available solar energy and
the require amount of heating
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Figure 7.8. Three types of passive solar heating systems are: Direct gain; sun-
space; and trombe wall (thermal storage wall) [4].

Esaved daytime = sunhours * MIN[(A.K SHGC * (lkVZV

m ) (7.10)

UA(T room — 1t ambient) — Buternal ]
Energy put into storage on an average day would be the minimum
of solar energy available in excess of the daytime load and the limit

imposed by a maximum temperature excursion, AT Of the mass
within the space.

Einto storage = sunhours

*MINHAﬂK SHGC *(lsz
m

j - UA(Eoom - Tambient) - Pinternal j,

(M storagecslorageAT:vtorage + ﬂstorage ):|
(7.11)
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The solar energy delivered from storage to the heating requirement
at night is the minimum of heat saved in storage and the nighttime load.

Esaved nighttime — MIN[(Einto storage)a (UA(TrOOm - Tambient) - Pinternal)
(24 - sunhours)] (7' 12)

The amount of solar heat ultimately delivered to offset the heating
requirement of the space is calculated in Equation 7.13 as the sum of that
delivered during the day and through storage at night. The amount of fuel
saved would be this solar delivery divided by the efficiency of the heating
system.

(Esaved daytime + Esaved nighttime)

EFuelSavings = (7- 1 3)

N heater

Where Efcisavings 1S annual fuel energy savings (kWh/yr) and Zpeqger
is the thermal efficiency of the fuel-fired or electric conventional heater.
This calculation would be repeated for the 12 months of the year and the
results summed to estimate annual energy savings

Computer Tools for analysis of Passive Solar Systems are “Whole
Building” models that simulate the details of passive solar heat gain and
heat loss from the building as well as details of the heating system and
controls. The EnergyPlus program is one example of such a program
[http://apps].eere.energy.gov/buildings/energyplus/].

7.5 Solar Ventilation Air Preheating

Solar ventilation air preheating has the lowest cost and highest efficiency
compared to other solar technologies such as photovoltaics or solar water
heating, but it is only used for one thing, which is preheating ventilation
air. It is also used for crop-drying in California and Latin America. It can
be used to preheat air for conventional boilers in thermal and power plants,
but not for gas-turbines since to do so would increase compressor work.

Maintenance requirements are minimal due to the simplicity of the
technology. The technology has no moving parts other than the ventilation
fan, so it lasts for decades.

Energy savings utilizing solar vent preheating technology varies
based on both the solar energy available and the need for heat in each
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location. The map of Figure 7.9 shows the maximum energy delivery
from a solar ventilation air preheat system, and showing the greatest
savings can be realized in locations where you can use the solar heat for
most days. Rather than in warm, sunny climates, this technology is most
cost effective where heating load dominates: along the Canadian border,
and in the Rocky and Sierra mountains in the west, and also in the far
Northeast. These locations have the best combination of available sun
and high heating requirements for buildings. In fact, the only places that
preheating ventilation air is not helpful are Florida, South Texas and other
locations along the Gulf Coast, and Southern California. Even in warm
climates the technology can be used to heat ambient air for crop drying or
other industrial operations.

Solar ventilation air preheating is often cost effective in new
construction and major renovations that include larger exterior walls on
the south side of a building and where large amounts of ventilation air
are needed. The best applications for solar ventilation preheat technology
are larger industrial buildings that require a steady supply of ventilation
air, such as vehicle maintenance facilities, aircraft hangers, and similar

Energy Savings Utilitizing Solar Vent Preheating Technology

OM Masmiter OB MAY-2001 1.3.8

Figure 7.9. Map of potential energy delivery from solar ventilation preheat
system in the US considering both solar resource and heating requirements
(figure by Donna Heimiller, NREL).
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facilities. These industrial buildings require a great amount of ventilation
air, the building envelope matches well with the aesthetic of metal
siding, and there are few windows or other types of fenestration required.
However, the technology has also been used in applications where
aesthetics are at a premium, including at visitor centers, office buildings,
and apartment buildings.

A transpired solar collector is constructed of a perforated metal sheet,
typically four feet wide and in any length. The collector is perforated with
tiny holes and painted a dark color to absorb maximum solar radiation.
The holes are about 1 mm in diameter and less than 1 cm apart — the
ratio of open hole area to the total plate area is called the porosity. The
operating principle of a transpired solar collector is based on a concept
called the “boundary layer.” Regardless of any amount of wind, the air
in contact with the collector plate is not moving, because the wall is not
moving. But within a layer of air about 1 millimeter thick, or about the
thickness of a coin, the velocity increases to the exterior wind speed.
Similarly, within this thin boundary layer, the temperature increases from
the temperature of the plate to the temperature of the surrounding air. The
principle of the transpired solar collector is such that the thin boundary
layer of solar heated air enters in through small holes before it has a
chance to mix with surrounding air.

In this thin boundary layer of air, the boundary layer results in an
efficient transfer of heat from the collector plate to the air. The holes in
the collector plate are close enough together to draw in this boundary
layer of solar heated air before it has a chance to escape by convection.
Big holes far apart will not work; they need to be tiny holes close together.

If the flow through the wall drops to less than 0.02 m3/second per
m? of collector, or 2 ft* per minute of air per square foot (CFM/ ft?)
of collector, then this heat has a chance to drift away and the collector
efficiency drops dramatically. Or, if the flow rate is greater than 0.08 m?3/
m?/s or 8 CFM/ft, then the fan power required to draw the air through
the tiny holes can be excessive. Depending on the size and spacing of
the holes in the collector, a flow rate of 0.04 m3/m?/s 4 CFM/ft> may
represent the optimum configuration.

The key is to specify porosity and/or a size of the collector that
will maintain a 25 Pascal (Pa) pressure drop at the required flow rate. A
pressure drop more than 25 Pa helps make the flow uniform through the
holes across the face of the wall.
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As illustrated in Figure 7.10, a solar ventilation air preheating system
is comprised primarily of the following six components:

Transpired solar collector
Mounting brackets
Perimeter flashing
Ventilation fan

Ducts and ductwork, and
Actuated bypass dampers.

A

In the wintertime, or when the space is calling for heat, the bypass
damper is closed and ventilation air is drawn in through the tiny holes of
the transpired solar collector. The temperature might increase as much as
8 to 16°C, or 15 to 30°F on a sunny day. So instead of coming in at 0°F
the air is coming in at 30°F, and that saves a lot on the fuel required to
heat the ventilation air.

Then, in the summertime, or whenever the room is not calling for
heat, the bypass damper opens and fresh ventilation air is brought in
without passing through the solar collector.

If you have a building that is already heated by people, lights and
computers on the inside, the solar heat might not be welcome and you
could benefit from free cooling in winter. The applicability of this
technology is reduced in buildings that have a lot of internal heat gain.

Solar Radiation

N
S

Heated air

»e Ambleat alr
v

Perforated absorber

Figure 7.10. Schematic diagram of solar ventilation air preheat system.
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The transpired collector is secured to the south-facing wall by
mounting brackets that stand the transpired collector away from the
wall to create a space to pass the pre-heated ventilation air. This space is
referred to as a plenum. Proper installation of flashing is required around
the perimeter of the transpired collector to keep air from going around it
and bypassing the tiny holes.

The ventilation air is drawn through the holes in the collector and
into the plenum by the action of a ventilation fan, which typically already
exists in a building. The air is heated as it is drawn through the tiny holes
and into the plenum and then it is drawn into the building.

If working with an air-handling unit, modifications can be made to
introduce the preheated ventilation air into the mixing box which is the first
stage of the air-handling unit. This stage would combine solar preheated air,
outside air, and return air. Both the solar preheated air supply and the outside
air supply would be fitted with actuated dampers. Often an air-handling
unit recirculates some of the room air and mixes it with fresh air, and in
this case it is the “mixed air temperature” that controls whether the bypass
damper is open or closed. If the return air is hot enough to keep the mixed
air temperature above the set point, then the solar damper would be closed
and the outside air damper would be open.

If an air-handling unit is not involved, ductwork can be used to
distribute hot air from the solar ventilation preheating system directly
into a space, and then additional heat is added to the space by unit heaters
or other means. Air can be introduced to the space with a stub duct, but
often a fabric duct is used to deliver the air deeper into the space. A
thermostatically controlled bypass damper would open when the space is
not calling for heat to admit air without preheating.

The NREL Chemical Storage Facility, shown in Figure 7.11, was one of
the first buildings to install the solar ventilation air preheat technology and was
carefully monitored. The facility is a 1,300 square foot chemical waste storage

Table 7.2. Initial Cost, Operation and Maintenance Cost, and Lifetime of
Solar Ventilation Preheat System [5].

Installed Cost Fuel and/or Water
Mean Installed Range Cost
Cost ($/ft?) (& $/ft2) Lifetime (yr) ($/year)
$31 $15 25 1 W/ft? fan power

322



Figure 7.11. Photograph of transpired solar collector and bypass damper
of solar ventilation air preheat system on NREL chemical storage building
(photo by the author).

building that requires a ventilation rate of 3000 ft* per meter to maintain safe
indoor conditions. Open flames are prohibited in this chemical storage building
due to the danger of combustion; ventilation air is heated with electricity
instead of gas. The Chemical Storage Facility has a large, south-facing wall
area with only one penetration. Finally, the addition of the Transpired solar
collector was an acceptable architectural change to the building.

The 300 square foot transpired collector saves about 14,310 kilowatt-
hours annually, 25.7 percent of the energy required to heat the facility’s
ventilation air. In addition, the system annually avoids 14.9 tons of carbon
dioxide and 52 pounds of nitrogen oxide emissions. With an installation
cost of $20 per square foot and a utility cost of 5.4 cents per kilowatt
hours, NREL saves 726 dollars a year in electric bills. This investment
results in an 8.3-year simple payback.

Over the 25-year study period, the life-cycle savings are expected
to equal 356,000-kilowatt-hours. Over its life cycle, the system will
provide energy to the site at an equivalent energy rate of 2 cent per
kilowatt-hours of heat. NREL’s unglazed transpired solar collector has
been in continuous operation for 15 years. Initial detailed measurements
indicated that the average system efficiency was 63 percent. The collector
was installed in front of an existing concrete wall. In general, each square
foot of transpired collector will raise the temperature of 4 CFM of air
by as much as 30°F, delivering approximately 240,000 British thermal
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units (Btu) annually per square foot of installed collector. Typical annual
efficiency for these systems is between 60 percent and 65 percent.

7.6 Solar Water Heating

There are a variety of different types of solar water heating systems,
but the basic technology is a straightforward extension of a building’s
plumbing system. Solar collectors absorb heat from the sun and transfer
that heat to water. A thermal storage tank stores water for use as needed.
A conventional heating system provides backup if storage drops below
the desired temperatures.

A typical solar system will reduce the need for conventional fuel for
water heating by about two-thirds or three quarters. It is not cost effective
to meet 100 percent of the water heating load on every day of the year;
rather the optimal is to meet the load on an average sunny day, and use
conventional fuel to top off the need for heat. But there have been many
installations where solar is the only source of heat in developing countries
or applications where reliable heat is not a requirement.

Solar hot water heating collector technologies vary based on
temperature requirements. As shown in Figure 7.12, there are four basic
types of solar water heating collectors: unglazed systems, glazed flat panels,
evacuated tubes, and parabolic troughs. Collectors are installed in systems
and also include thermal storage, pumps, controls, and features such as

Unglazed Plastic Glazed Flat Plate

Figure 7.12. Different types of solar water heating collectors.
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pressure relief valves, temperature tempering valves, flush-and-fill valves,
and any other required components. The controls turn any pump on and
off in response to collector temperature. A back-up, conventional heater is
still needed to meet 100 percent of the peak hot water demand generally,
especially for cloudy days or for when the solar system is down for service.

7.6.1 Low Temperature Unglazed Collector

This type of collector is mainly used to heat swimming pools and
consists of black colored matting or tubes made from plastic-based
materials through which the pool water circulates. These panels can heat
large volumes of water by a small temperature rise, perfect for swimming
pools, during warm sunny conditions. Because this type of collector is not
insulated, it cannot operate efficiently in cooler conditions or when hotter
water is required. These collectors are often referred to as “unglazed”
because they do not have a glass cover like flat plate or evacuated tube
collectors. At low temperatures a glass cover can be counter-productive
because it absorbs and reflects some solar heat.

7.6.2 Glazed Flat Plate Collectors

Flat-plate collectors consist of an insulated, weather-tight housing or
box, a clear glass or plastic cover glazing, a black absorber plate, and a
system of passages for the heat transfer fluid to pass through the collector.
Special coatings called “selective surface” on the absorber maximize
absorption of sunlight and minimize re-radiation of heat and are more
durable than ordinary black paint. Gaskets and seals at the connections
between the piping and the collector box and around the glazing insure
a watertight system. With a cover glass and insulation, glazed flat
plate collectors are able to provide heat at higher temperatures than
unglazed collectors. Absorber plates are often made of metal — usually
copper-because it is a good heat conductor. Copper is expensive, but is a
better conductor and is less prone to corrosion than other materials.

The design is simply an insulated box with a absorber sheet welded
to copper pipe through which the heat transfer liquid circulates through.
While the basic design concept is fairly consistent amongst manufacturers,
there are differences in aspects of the design that can improve performance,
make the panels lighter, easier to install and suitable for different installation
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formats, and ultimately impact the cost, efficiency and longevity. Flat plate
collectors perform well in warm climates and when achieving temperature
for basic domestic hot water use (<60°C/140°F). The fact that there is no
insulation above the absorber is an inherent disadvantage of the design and
leads to high heat loss. This heat loss means flat plates are unable to deliver
hot efficiently at higher temperatures (>70°C/160°F), and performance is
greatly reduced in cold weather.

7.6.3 Evacuated Tube Collectors

Evacuated tubes are comprised of an array of single or twin wall glass
tubes with a vacuum that provides excellent insulation against heat loss.
Radiation from the sun can pass through the vacuum but there is no air to
convect or conduct heat out so heat loss is minimized. The design is very
similar to a vacuum thermos bottle. Single wall evacuated tubes normally
have a fin that contains the absorber coating, similar to that used in the flat
plate collector.

Twin wall evacuated tubes have the absorber coating on the inner
tube and the space between the two tubes is “evacuated” to form the
vacuum. Evacuated-tube collectors are typically more efficient at
higher temperatures than flat-plate collectors. In an evacuated-tube
collector, sunlight enters through the outer glass tube and strikes the
absorber, where the energy is converted to heat. The heat is transferred
to the liquid flowing through the absorber, or to a heat pipe which
transfers heat to fluid flowing through a header. A collector consists
of rows of parallel evacuated tube assemblies. The absorber typically
is of fin-tube design, with the fin treated with a selective surface,
although cylindrical absorbers also are used. Most evacuated-tube
collectors are modular — a single tube can fail without affecting the
other tubes in a collector.

Due to the superior insulation, evacuated tube collectors are more
efficient than flat-plate collectors under conditions of low solar radiation
or low ambient temperature. This makes these collectors particularly
useful in areas with cold, cloudy winters. While evacuated-tube collectors
achieve higher temperatures than flat-plate collectors, they are also more
expensive. Evacuated-tube collectors are competitive with flat plate
collectors for most commercial and industrial applications, with the
higher cost often offset by the higher performance.
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7.6.4  Parabolic Trough Collectors

Parabolic-trough collectors use curved mirrors to focus sunlight on an
evacuated tube receiver that run along the reflector’s focal line. A mixture of
pressurized water or perhaps other fluids that transfer heat is pumped through
the tube. The fluids absorb solar heat and reach temperatures up to 570
degrees Fahrenheit. The hot water is sent to a thermal storage tank, or is used
to create steam, which is directed through a turbine to generate electricity.

Parabolic-trough collectors use only direct radiation, and even though
they use mechanical tracking systems to keep them facing the sun, they are
most effective where there are very clear skies, such as the southwestern
United States. If the sun hits the mirror at a random angle it is reflected at
a random angle, so diffuse radiation is not collected.

Parabolic-trough collectors provide heat for industrial processes,
commercial buildings, and electricity generation for utilities. Parabolic-
trough collectors are more efficient for large facilities that require large
quantities of hot water. They also require large areas for installation, yet
they offset the need for conventional energy and provide energy savings
and environmental benefits.

The Solar Rating & Certification Corporation, or SRCC 1is an
independent third-party that tests and certifies solar energy equipment. The
OG-100 collector certification program applies to the solar collector, and the
0OG-300 rating provides a certification for complete systems and determines
whether systems meet minimum standards for system durability, reliability,
safety and operation. Factors affecting total system design, installation,
maintenance and service are also evaluated.

The SRCC solar collector thermal performance test is based on
the American Society of Heating, Refrigerating, and Air Conditioning
Engineers (ASHRAE) Standard 96-1980 and 93-1986 related to Methods
of Testing to Determine the Thermal Performance of Solar Collectors,
for glazed flat-plate liquid collectors, air collectors, linear tracking
concentrators, and other collector devices which fall within the scope of
the test standard. Based on the thermal performance data derived from the
ASHRAE test methods, SRCC then calculates the collector rating.

SRCC measure the amount of heat delivered by a solar collector and
correlates it to the measured environmental conditions. The amount of
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useful heat collected is the radiant gains minus the thermal losses. Radiant
gains are the intensity of the solar radiation times the solar collector area
(m? or ft?), times the transmissivity (tau) of the cover glass and times the
absorptivity (alpha) of the absorber plate. The thermal losses are a loss
coefficient times the collector area times the difference in temperature
between the water entering the collector from the storage tank and the
cold surrounding air.

The energy collected is calculated in Equation 7.14 as the optical
gains minus thermal losses

Quserur =talAc.— U Ac(Ts - Tamb) (7 14)

Efficiency is what we get out, the useful heat, divided by what went
in which is the intensity of the solar radiation times the solar collector
area. Equation 7.15 is then a linear equation with a Y-intercept equal to
the optical properties of the glass and absorber plate, transmissivity and
absorbtivity, and a slope equal to the heat loss coefficient.

hgotar = Qusetu/T Ac=ta — U (Ts— Tamb)/I: (7.15)

Where
I = incident solar radiation (W/m?) in the plane of the collector
t = transmissivity of cover glass
a = absorptivity of absorber plate
A, = collector area (m?)
Quseful = useful heat from collector (W)
U, = thermal loss coefficient of collector (W/C)
Ts = storage water temperature (C)
Tamb = outdoor ambient temperature (C)

The SRCC test results give us the slope and intercept for these
efficiency lines. The efficiency curves for three collectors rated by SRCC
is presented in Figure 7.13.

Materials and components used in solar water heating systems
vary depending on the expected operating temperature range. As this
chart shows, each collector type works most efficiently and at optimal
performance at different temperature levels. This graph shows actual
examples of SRCC testing results. The vertical axis of this chart shows
the efficiency of the collector, the percentage of the incident solar energy
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Figure 7.13. Efficiency curves of selected unglazed, glazed, and evacuated
tube solar water heating collectors (figure by Jim Leyshon, NREL).

captured by the collector. The horizontal axis of this chart is temperature
elevation above ambient temperature divided by solar radiation. So if
the water temperature was 50 degrees Celsius, the ambient temperature
zero degrees Celsius, and the solar radiation 500 watt per square meter,
that would be the 0.1 on this chart. If the water temperature is hotter, the
ambient temperature lower, or if there is less sun, we move to the right on
this chart, and efficiency is decreased.

At very low temperatures the unglazed collector is not only least
expensive, but also has the highest efficiency. There is no cover glass
to absorb or reflect solar radiation and the heat loss is low because the
temperature is low. Unglazed collectors are efficient up to about 10 degrees
Celsius or 20 degrees Fahrenheit above ambient temperature

At higher temperatures we need a cover glass to attenuate heat loss
off the collector. The glass itself reduces the optical gains of the collector,
so the line starts at a lower efficiency, but there is less heat loss so the
efficiency does not slope off as fast as we increase the temperature.
Flat plate solar collectors are efficient up to, say, 50 degrees Celsius or
100 degrees Fahrenheit above ambient temperature.

For temperatures above that level, the superior insulation of an
evacuated tube solar collector is required. The curved surface of the tube,
and the space between tubes, reduces the optical gains considerably,
but the low heat loss coefficient allows the evacuated tube collectors to
efficiently delivery heat when temperature is high or solar radiation is low,
once again, on the far right hand side of this figure.
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Solar water heating system types are classified two following types,
active and passive.

Passive systems included Integral collector storage and thermosyphon
types. Active systems include direct or open loop systems or indirect
or closed loop systems. Passive systems rely on buoyancy (natural
convection) rather than electric power to circulate the heated water.

Integrated-collector-storage collectors place the storage inside the
collector. An example of this is one with four-inch diameter copper tubes
to store water inside the collector box. These have a lot of heat loss at night
so are recommended only for warm climates.

Thermosyphon systems insulate the storage tank and place it above
the solar collector, so that hot fluid rising in the collector causes a
circulation to the storage tank.

Active systems involve electric power to activate pumps and/or controls.

Direct, or open loop systems, use a pump to circulate water from a tank
to heat potable water directly in the collector. Mostly these are used in non-
freezing climates like Hawaii but if used in a freezing climate they can drain
water to drain when freezing is eminent, so called “drain down” systems.

Indirect, or closed loop systems, Heat an antifreeze solution like
propylene glycol, in the collector and transfer the heat to potable water
via a heat exchanger. In a “drain back™ configuration this enclosed fluid
drains from the collector into a small tank when the pump is not running.
This protects the heat transfer fluid from both freezing and overheating.

Figure 7.14 shows an active, closed loop system, circulating an
anti-freeze solution, which would be quite common in facilities such as
barracks or dining halls.

The collector array consists of banks of solar collectors plumbed in
parallel. Each bank that can be valved off must have a pressure relief valve,

and air vents are often included at high points in the system to any let air out.

A controller compares the temperature at the collector outlet with that
of the water storage tank. If the collector is sufficiently hotter than the
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Figure 7.14. Schematic diagram of active, closed-loop solar water heating
system [4].

water, the pumps turn off and if that temperature difference falls below a
set point it turns the pumps off.

The heat transfer fluid and potable water are both circulated by
pumps controlled by the temperature controller. Each pump has a strainer
upstream to keep any objects from jamming in the pump.

The heat exchangers transfer the heat from the collector fluid to the
potable water stored in the tanks. Double-walled heat exchangers prevent
contamination of the potable water. Also the propylene glycol antifreeze
used in this system is not toxic.

We do not want to send water that has been heated with gas or
electricity to the solar collectors because the higher temperature results in
a lower efficiency, so there is a separate pre-heat tank to store the potable
water as it is heated by the sun. As water is used, it flows from the preheat
tank into a conventional heater and if it is not hot enough, the conventional
heater can add heat.
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Table 7.3. Initial Cost, Operation and Maintenance Cost, and Lifetime of
Glazed and Unglazed Types of Solar Water Heater [5].

Mean | Installed

installed| cost Lifetime
Technology cost range Lifetime | Std. Dev.
Type O£t | 1) O&M (yr) (yr)
SWH, flat $0.75 to
plate & $141 $82 | $1.50 per ft? 31 14
evacuated tube per year
SWH, plastic | $59 $15 $0.60 to 20 10
collector $1.20 per ft?

per year

Flush and fill valves allow the fluid to be drained and replaced easily,
and instruments such as temperature gauges, pressure gauges, and flow
meters allow us to monitor the status of the system.

Finally, since the water could be heated by the sun up to a temperature
hotter than we want it, a tempering valve is an important component of the
system to mix the hot water with cold water to obtain the desired temperature.

Figure 7.14, shows a lot of detail, like pressure relief valves and
controls, but you can see it is a pretty simple plumbing system and very
similar to hydronic heating systems used for space heating.

Closed-loop glycol systems are popular in areas subject to extended
freezing temperatures because they offer good freeze protection.

Nationwide, approximately 18 percent of energy use in residential
buildings and 4 percent in commercial buildings is for water heating.
Many estimates show that solar water heating system can efficiently serve
up to 60 to 80 percent of hot water needs, but currently solar water heating
represents around 1 percent of the potential U.S. water heating market. In
other countries, solar technologies heats water on almost every building,
but in the U.S. there is solar water heating in about 3 percent of buildings
and for each building it provides about a third of the water heating needs.
So there is tremendous potential for this technology to do more.

Solar water heating systems are the most cost effective where the
following four characteristics exist:
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1. Water heating load is constant throughout the week — for
example, weekends require as much as weekdays.

2. Water heating load is constant throughout the year — for example,
the building is not vacant in summer like a school might be.

3. A sunny climate is prevalent — this is helpful but not required —
solar heat is available over most of the continental US and Hawaii.

4. Cost of fuel used to heat water is relatively high, more than 10 or
12 $/GJ ($10 dollars per Mbtu).

Solar water heating savings will cost effectively pay for system
installation in three types of situations.

Any facility that pays high utility rates for conventional power water
heating is a good candidate. Smaller facilities in rural areas served by
only electric power are an example. Any of several mid-temperature
solar water heating technologies can serve these facilities well. Off-the-
shelf packages are available and systems that operate passively without
pumps or electronic controls are often appropriate in warmer climates.
Large facilities such as prisons, hospitals, and military bases with need for
continually large volumes of hot water are excellent candidates. Even if
conventional water heating costs are relatively low, economies of scale for
larger mid-temperature or high-temperature systems can bring costs down
to competitive levels.

Swimming pool systems will often pay for themselves in just a
few years, particularly for pools that are used year round. Relatively
inexpensive low-temperature systems are quite effective and can either
greatly reduce conventional pool heating bills or extend the season where
heating was considered too expensive.

Several factors must be weighed to determine whether a site has
a good resource for solar water heating. Sites with an average solar
radiation rate above 4.5 kWh/m?/day are great candidates for solar water
heating. But, even a site with a less attractive solar resource rating can
have great potential for solar water heating if the energy rate it offsets is
high enough, or other incentives are available.

Two solar water heaters, one of which is shown in Figure 7.15, were
installed at the Mid-Atlantic Social Security Center in Philadelphia. The
system design is to tap into the recirculation loop of the building and
add solar heat to the water returning to the heating plant. This approach
requires very well insulated collectors and evacuated tubes were specified.
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Figure 7.15. Evacuated tube solar water heating system on Social Security
Building, Philadelphia, PA (photo by the author).

Each system has 180 tubes that add up to 27 meters squared collector
area. The cost was $37,000 dollars and each system delivered 36 GJ in
the first year of operation.

Research has the ability to increase the potential for solar thermal
technology. Plastic collectors can be manufactured at a lower cost than
copper and glass ones, and products using materials that can tolerate
higher temperatures are starting to come onto the market that maintain
adequate performance and longevity.

Cross linked polyethene, or PEX, piping can also be less expensive
than copper pipe and there are some types which can freeze and thaw out
again without damage, which could simplify systems and reduce cost.

Small variable speed pumps are on entering the market to reduce
pump power and also make sure the collector operates at an optimal
efficiency.

7.7 Energy Systems Integration

In this final section, we will examine issues related to Energy
System Integration (ESI), addressing how increasing amounts of
intermittent solar energy generation can be accommodated to realize
energy cost savings and improve system reliability. This section will
discuss some of the challenges and solutions to ESI at the building,

334



substation, and grid level, as well as cost and process-related issues
faced by the utility.

Historically, existing U.S. electric power utility systems were based
on one-way power flow-real power always flowed from the central
generation plant, through substations, and on to loads — and integration
issues were not critical because solar energy projects were small and
often located in off-grid applications. But Federal tax credits and other
incentives introduced in 2005 made it profitable to install large renewable
energy systems in grid-connected applications, many benefiting from a
utility policy called “net metering.” Challenges surfaced as buildings and
campuses strived to integrate intermittent resources while still relying on
the grid to meet demand at times when renewable energy resources were
not producing.

As the amount of renewable generation in a system increases, system
operation must be altered to accommodate the intermittent renewable
power. These changes to the operation generally reduce the efficiency
and cost-effectiveness of the conventional resources, although many
advocates of renewable energy point out that distributed renewable energy
might forestall the need for huge investment in central power generation.

Under a net metering policy, power from a renewable energy system
in excess of the local load can be absorbed by the larger utility system
and credited to the load’s utility bill, with the load still able to consume
power from the grid when the Renewable Energy is not generating. A
building with enough PV might offset enough energy to bring its electric
bill, which is based on consumption, to nearly zero. Yet the building is
still using the utility on a daily basis even though it does not pay for
that service. So we perceive net metering as an incentive for distributed
generation that is offered at the expense of other rate-payers.

As of 2014, 44 of the 50 states have implemented net metering
policies. But each has also imposed limits to net metering, either for each
site or for the state as a whole, with the realization that there are both
technical and economic reasons that not every utility customer can net
meter. Utility companies, in conjunction with the state Public Utilities
Commission (PUC), have established various threshold levels, also
known as penetration limits, to regulate the amount of renewable energy
on each circuit. Once penetration of distributed generation as a fraction
of total electric load on each utility circuit reaches the limit (often 10 or
15%) an area already has too much PV for net metering — technically,
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there is no additional load on the circuit for excess solar power from a
new PV system to serve. This does not mean customers living in those
areas cannot install PV systems, but it does trigger an Interconnection
Requirement Study is required which costs about $3000 for residential
PV systems, and up to say $40,000 for a large-scale system, can take
months, and may include additional costly equipment before a building
owner can install PV. The interconnection study tests the impact that
proposed system will have on the entire utility circuit.

Challenges can occur for both the energy customer and the utility on
the following scales when installing a large solar electric system:

1. Building and Electric Distribution System: limits to current-
carrying capacity of utility circuit; location and setting of
overcurrent protection (breakers, fuses); voltage out of limits;

2. Substation: routing of power from circuit with excess RE to load
on other circuits; voltage fluctuations;

3. Generation Plant: increase in spinning reserve requirements;
limits to sudden changes imposed by ramp-rates of generators;

4. Utility Operations: allocation of costs associated with RE
integration among utility customers; equitable distribution of
operating cost among ratepayers;

5. Investors: current model of a centralized utility in which
guaranteed wholesale power rates return long-term investments
(such as with baseload coal or nuclear plants) is challenged
by on-site generation; wholesale prices are lowered by RE
generation based on its low marginal cost compared to the fuel
cost of fossil plants.

7.7.1 Building Level Challenges and Solutions

There are four areas of consideration related to the effects of high
penetration of renewable energy on the electrical service to individual
buildings.

1. Sizing of Electrical Service to Building with Renewable
Energy Generator
Challenge: The electrical service to a building is designed to
accommodate the peak load expected of the building plus a safety
factor for future load growth. For example, a building with a
1 MW load might have a 2 MW service. If, as many projects are
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now doing, the building seeks to offset a 24 MWh/day of energy
with on-site solar energy, which occurs only over 6 hours per day,
a4 MW PV system would be installed and the electrical service
would not be sufficient to get the solar power OUT of the building.
Solution: The electric service to the building would have to be
upgraded from 2 MW to at least 3 MW to accommodate the flow
of solar power OUT of the building during the day (4 MW —
1 MW =3 MW).

2. Overcurrent Protection on Electrical Service to Building with
RE Generator
Challenge: Coordination of overcurrent protection is an important
consideration in the addition of RE generation. During initial
distribution system planning, a protection coordination study
informed the location and settings of fuses, breakers, protective relays
and synchronized other protective equipment to isolate electrical
faults in a planned sequence. The additional current from an RE
generator invalidates previous protection studies because it changes
the amount of current available for conductors to carry and changes
the location and setting of breakers to prevent excessive current flow.
Consider for example an overcurrent protection situation
shown in Figure 7.16 — a fuse limits the current coming from
a transformer to a value which is less than the line is rated
for ... say 100 Amps in this example. Theoretically at least,
a generator out on that line could add additional current and
result in a current greater than the line is capable of carrying.
In this example, the loads could be surveyed, and if lower than
100 Amps the fuse at the transformer could be changed out with
one rated for 90 Amps. If the loads do indeed require 100 Amps
then the service would have to be upgraded to a wire that could
carry more current.

\/\ Maximum 100Afor length of ine Max 100A v Max 110A

g
5

Fuse 100A

Figure 7.16. Introduction of electric current (Amps) onto a distribution
system by an RE generator can increase current in the line beyond which the
overcurrent protection was originally designed for.
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Solutions: New studies may be required to determine how the
maximum current from an RE generator increases currents flowing
through the electrical system when a line becomes overloaded or
when a fault (short-circuit) occurs. Results of this study include
any required changes to the protective system used to detect and
interrupt current and isolate faults.
The protective system may need to be reset or redesigned to
properly set the coordination and timing of devices such as
protective relays, reclosers, circuit-breakers and fuses in a system
to detect and isolate faults. The renewable energy project should
involve the utility to devise and review resulting modifications
and plans for overcurrent protection.

3. Voltage Regulation on Electric Service to Building with
Renewable Energy
Challenge: PV systems can increase the voltage at the point where
they inject power, and they can also fool control systems which
are based on load on the substation rather than actual voltage at
the site. Voltage regulation is often cited as the primary concern
of utilities when considering interconnection of an RE generator.
Utilities are required to keep these voltages within a relatively
narrow operating range for example 120V service may vary from
114V to 126V, RMS (Figure 7.17).
Since voltage drops along the powerline as the load increases,
current technology changes the voltage at the transformer based on
the load, by measuring current at the transformer. PV generation
on a circuit defeats this “line drop compensation” because it

Figure 7.17. Voltage at the transformer is regulated by line drop compensation
based on load rather than voltage. Distributed RE can reduce the load at the
point of voltage regulation, which alters the voltage drop that the system was
originally designed for.
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reduces the load seen at the transformer, which results in a voltage
lower than the imposed limits at the end of the line.

Solutions: Planning and modifications are needed to minimize
deviations in voltage at various locations on the distribution
system as PV inverters inject power at their locations. Also, at the
substation, the utility will study the need to install new types of
voltage regulation equipment (that is based on measured voltage
rather than load). The intermittent operation of the RE generator
may cause increased cycling on the new or existing voltage
regulation equipment. Power-flow based software tools can
determine cycle counts on voltage regulation equipment during
changes in variable generation power output. If it is found to be
excessive, one strategy to reduce cycling is increasing the delay
time of the voltage regulators.

Wear-and-Tear on Reactive Power Compensation Equipment
Due to PV Systems

Challenge: Equipment used to actively provide reactive compensation
for power factor correction can also cycle excessively due to high-
penetration of intermittent renewable energy generators. The reason
for this is that most installed PV systems with static inverters supply
power at unity power factor (PF = 1). This means that these PV
systems can supply real power to loads but not reactive power, which
must still be supplied by the substation.

The utility generally provides customers with both real power and
also reactive power. The cosine of the angle between the two is
the Power Factor. Reactive power is wasteful and the utility will
impose charges and experience generator problems if the power
factor is much lower than 1. Currently inverters are limited by
standards to provide only real power, so the proportion of reactive
power that the utility must provide could increase with addition of
a PV system on the load, as shown in Figure 7.18.

Solution: The reactive power supplied by the utility must increase
to accommodate each additional kW of PV as it varies widely and
suddenly as the RE resource changes One solution is to specify
inverters that provide reactive power if needed, as will soon be
available under new inverter standards. The Institute of Electrical
and Electronics Engineers implemented a National IEEE Standard
1547 for interconnecting distributed energy sources to utilities’
distribution systems. This requirement has led to the uniform
application of interconnection networks across the U.S. IEEE
Standard 1547 is followed now by IEEE Standard 1547a, which
provides for additional flexibility in the design which promises to
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Figure 7.18. By supplying only real power (kW) and not Reactive Power
(kVAR), an RE system can increase the Power Factor (PF) resulting in
additional charges from a utility.

expand implementation strategies. These standards are important
to designers of high penetration renewable energy systems and
will allow for non-unity power factor, low voltage ride-through,
and low-frequency ride through.

7.7.2  Substation-Level Challenges and Solutions

There are two areas of consideration related to the effects of energy
system integration for substations.

1.

Effects of Renewable Energy on the Local Substation
Challenge: An electrical substation consists of a transformer by
which voltage is converted from transmission to distribution
voltage and a bus with circuit breakers, current transducers,
and isolating switches on each circuit coming off of the bus.
Configurations including transfer buses, double buses, and ring
buses are available, but because they are simple and inexpensive,
single bus configuration is common. This single bus may serve as
a means to accept power from circuits with excess RE and deliver
it back out to circuits with excess load.

Solutions: Reconfigure Bus and Circuits: in configurations other
than a single bus, sectionalizing switches or isolation switches must
be positioned for this exchange of power to occur, and new legs
between circuits may need to be added. Analysis of expected RE
generation and loads may inform required reconfigurations
to the buses and circuits. The intent of this reconfiguration
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would be to allow power to flow from circuits with excess RE
generations to other circuits with load to serve. A substation
is not designed to conduct this transfer if it was designed for
power to flow only out to circuits.

Network Protectors in Network Systems

Challenge: Substations in networks (rather than purely radial)
systems have “network protectors” on each circuit leaving the
substation to prevent a reverse flow of power.

Solutions: Integrating RE into a network power systems may
require special controls to prevent the RE power from ever
exceeding the load and potentially tripping the network protectors.
This can be achieved most simply by installing an inverter with
a capacity less than the minimum coincident load, but may also
be achieved with advanced inverter features which allow the
inverter to be turned off or modulate its output not to exceed the
load. A network distribution system with network protectors may
thus limit the size of RE at a Federal site to less than a size that
would provide 100% net zero or even limit it to less than required
for the 20% RE goal of the recent Presidential Memo. If the grid
would not accept any excess power back, the only way to increase
renewable energy use on-site would be to add energy storage to
accept power in excess of the load.

7.7.3  Grid-Level Challenges and Solutions

There are two areas of consideration related to the effects of energy
system integration for substations.

1.

Voltage Stability of Electric Grid

Challenge: Voltage stability refers to the ability of the grid
to resume nominal voltage levels after disturbances such as
sudden increase in load or sudden decrease in generator output
or demands for reactive power that cannot be met. Renewable
energy generators that are inverter-based have voltage set points,
which could trip offline during abnormal voltage conditions and
exacerbate a low-voltage problem.

Solution: Consider new standards for static inverters out on a
grid that play a role in voltage stability on large, complex power
systems, with mutual agreement of the utility and the system
owner. New inverter standards will allow inverters to contribute
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to recovery from such a disturbance by “riding through” low
voltage or low frequency conditions. These new inverter standards
involve non-unity power factor, low voltage ride through, and low
frequency ride through.

Synchronization of Generation Equipment on the Electric
Grid

Challenge: Rotor angle stability refers to the ability of the
generators in a power system to maintain synchronism after
disturbances, such as a drop in frequency caused by addition of a
large load or drop in RE output due to natural fluctuation in the
RE resource. Output of inverter-based RE generators can change
very quickly in turn affecting generator dynamics. With high-
penetration levels of inverter-based RE, effects on synchronization
of all of the equipment on an electric grid may be significant.
Solutions: Federal agencies working with utilities can hire consultants
to use commercial software packages to simulate transient events,
such as sudden loss of output from a renewable energy generator.
These model the details of generator machines and controls and
detailed electrical circuit and load models to determine if the system
will return to stability following a transient event, such as sudden
change in the output of a specific RE generator.

7.7.4  Utilities’ Electrical Generation Systems

These are major issues faced by utility companies at the system level.

1.

Ramp-Rates and Spinning Reserve

Challenge: Building owners installing large renewable systems,
especially on small utility grids such as on islands should realize
that a kWh delivered does not generally equal a kWh saved at the
generation plant. It takes time to start a generator and increase its
power output, especially a big heavy coal or nuclear plant. The heat-
engine portion of a generator is always operated with some extra
reserve capacity to make up variations in the electrical demand.
This operational overhead is called “spinning reserve.” Without RE
generation, the amount of spinning reserve must cover anticipated
changes in the load. But with the addition of RE to a system, the
amount of spinning reserve must cover both sudden increases in
the load and sudden decreases in RE output and at the same time.
Spinning reserve is undesirable since it consumes some fuel and
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incurs run-time on the generator machine. Much maintenance is
planned based on run-hours rather than power output.

Solutions: Several strategies have been identified to reduce, but not
eliminate, the amount of waste associated with spinning reserve:

» Utilities’ controls may implement sophisticated program
logic that looks at the instantaneous contribution of RE and
calculates the appropriate amount of spinning reserve.

» Storage alternatives to spinning reserve may be more cost
effective.

* Demand side management (DSM) is another alternative to
spinning reserve which controls the electrical loads on the
system rather than aiming to meet all loads at any given time.
However, DSM calls for at least some participation by the
energy consumers by allowing the utility system operator to
delay non-critical loads such as air conditioners and water
heaters for several minutes at a time.

» Forecasting the output of a renewable energy generator
minutes, hours or days in advance also can reduce the need
for spinning reserve. Technical developments in forecasting
software have allowed operators of utility transmission and
distribution systems to predict in advance solar system or
wind output.

Allocating Costs and Investment

Challenge: Utilities are faced with the challenge of coordinating
generation resources and also controlling the load demand.
Utilities incur costs as they implement the measures described in
the previous section and provide the ongoing spinning reserve to
accommodate distributed RE generation. Utilities argue that RE
generation on their system saves them only some portion of the
fuel they would otherwise use, and that all debt service, O&M
expenses, and administrative costs remain the same. At the same
time, the building owners that install large RE systems seek to
minimize their financial payment to the utility. To equitably
accommodate both the residential customers and commercial
customers, utilities are faced with decisions of how to share costs.
These discussions may impact the utilities openness to the high
penetration of renewable energy. Also, RE is characterized as a
high capital cost but a low operating cost; the marginal cost of solar
and wind power is essentially zero, compared to substantial fuel
costs for the fossil alternatives. This has the effect of suppressing
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wholesale prices paid for fossil energy when renewable energy is
generating. This affects the current investment model for utilities,
and creates a problem for investors expecting a high rate of return
on large coal and nuclear plants.

Solution: There is a necessity for a new business model that
rewards low-carbon energy production, covers the cost of
reliability, equitably assigns costs, and involves investors directly
investing in required grid upgrades. Rather than recovering their
costs based on how much energy you consume, utilities of the
future might charge for the services, such as reliability of power
and power quality, that you actually do use even when you
generator your own on-site renewable energy.

Lets conclude with a recap of strategies to increase the amount of
intermittent renewable energy generation that can be added to the
utility system.

e Utility circuits can be reconfigured to allow power to get
from distributed generators to a load, including locations
and settings of network protectors, voltage regulation, and
overcurrent protection devices.

e If PV is distributed over a large area rather than installed all
in one place, there is less chance that a cloud could affect
the output and the generation is smoothed out over a partly
cloudy day.

*  Fixed mounts facing south would all deliver their maximum
power at noon, but by using tracking mounts and different PV
orientations we can smooth out the daily delivery — less at
noon but more in morning and evening hours.

e The new IEEE 1547a standard will allow for more advanced
inverter features. These include: Low voltage ride-through;
Low frequency ride-through; and Power-factor correction.
Another capability is the ability of an inverter to curtail RE
output in response to a signal from the utility or grid conditions.

*  Forecasting of RE plant output would provide a utility system
operator with enough advance notice to ramp up a fossil
fueled generator rather than maintain such a large amount of
spinning reserve. Even a few minutes warning could help out
tremendously in this regard.

*  Controlling the instantaneous demand of non-critical loads is
also a good idea — it is less wasteful to turn off an appliance
for the 15 minutes that it takes to ramp up a generator than it
is to keep that generator running as spinning reserve.
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* Energy Storage is the ultimate solution to almost all of these
problems, and battery technology and cost are improving in
response to this future need for a large amount of energy storage.

You can expect the ways that utility companies recover cost to
evolve from purely commodity pricing based on how much energy
you consume toward charging for services that support your RE
generator and your load, such as stand-by charges that charge for
the ability to serve your load should your RE generator fail to.

This section has described some of the most important hardware
and operational measures that can be taken to resolve common
challenges and achieve a higher level of RE penetration. Meeting
our renewable energy goals is possible, but requires collaborating
early with utilities and other stakeholders in the regulatory process.

7.8 Conclusion

In this chapter we considered the integration of solar energy
technologies: photovoltaics, daylighting, passive solar heating and
cooling, solar water heating, and solar ventilation air preheating. We
considered how the solar resource varies predictably with time-of-day and
day-of-year by location and also the unpredictable nature of clouds and
weather. We considered the fundamental operating principle of each type
of solar energy device, as well as how devices are assembled with other
enabling components into complete systems. We case studies of real-
world cost and performance reported by installed systems. Finally, we
consider the measures that must be taken within a larger utility system in
order to accommodate the distributed and intermittent nature of the solar
resource. Both electric and thermal storage are enabling technologies for
solar, with district heating enabling thermal storage on a seasonal scale.

While thermal loads are being increasingly electrified through the
use of ground-source heat pumps, we conclude that a plurality of solar
technologies can be used, and daylighting, photovoltaics, solar water
heating, passive solar architecture, and solar ventilation air preheating
might all feature in the strategy of achieving minimum use of fossil energy
in a building. Growth in solar installations has been explosive in recent
years, but to realize the potential of solar energy in buildings requires
significant remaining research and development. A priority of this research
is solar conversion efficiency, since a much higher efficiency affects so
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many other aspects of implementation cost and site impacts (land use).
Research is also required to develop the sophisticated control systems to
forecast solar resources, forecast and control demand-loads, and optimize
the dispatch of energy storage systems. While energy technologies and
markets are constantly changing and surprising, this chapter presents
reasons to extrapolate that solar energy will play an increasing role in the
serving energy requirements in existing buildings as well as providing a
new approach to meet much of the new load growth in the future.
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8 Energy Storage Systems
for Buildings

Gang Li and Yunho Hwang

Abstract

Thermal energy storage (TES) systems could be used to reduce a
building’s peak power demand associated with heating or cooling by
shifting the peak heating or cooling loads to the low power demanding
hours. This chapter provides the overview of the recent energy storage
research activities applicable to building applications. The information
gathered in this chapter is divided into two storage technologies:
sensible/latent TES and sorption TES. Sorption TES technology is
summarized by improving working pair properties and enhancing
sorption bed heat transfer. Investigation on the sensible/latent TES is
tailored with more details for building storage system classification,
its energy saving potential, phase change material (PCM) property
improvement, and mathematical modeling of PCM storage system.
In this chapter, several barriers that impede the commercialization
of storage technology are identified, and possible solutions are then
suggested. In addition, recommendations are made for the future TES
technologies. This chapter is expected to be beneficial to researchers
and engineers to design energy storage systems for building application
and to access their merits.

8.1 Introduction

The continuous increase in the level of energy consumption and
depleting energy resources leads to serious energy and pollution issues.
According to the Energy Information Administration [1], the total energy
consumption for developed countries like the United States, was 9.36 trillion
kW-h in 1949, and then in 2011 increased to 28.5 trillion kW-h, about tripled
in 62 years. A study from International Energy Agency (IEA) showed that
fossil fuels, which have harmful environmental effects, such as causing
air pollution and climate change, are still a dominant source of energy
worldwide [2]. This study showed that CO, emissions increased from
20.9 gigatonnes (Gt) in 1990 to 28.8 Gt in 2007, and are projected to reach
34.5 Gt in 2020 and 40.2 Gt in 2030 with an average annual growth rate
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of 1.5% over the full projection period. The building sector accounted for
more than one third of the total energy consumption. The main energy uses
in the building sector are space heating, space cooling, water heating, etc.
In the United States, the building sector is responsible for approximately
41% of primary energy consumption in 2010 [3]. For the European Union,
buildings account for 40% of the total energy consumption [4].

Facing the challenges of stable energy supply and pollution issues
for buildings, it is necessary to develop and expand advanced tech-
nologies to reduce the energy demands in buildings, increase the energy
supply while utilizing renewable energy effectively. In this context, the
technology of thermal energy storage (TES) is proposed. TES is defined
as the temporary holding of thermal energy in the form of hot or cold
substances for later utilization. The TES applications cover the domestic
hot water production [5, 6], space heating/cooling [6], aircondition-
ing [7, 8], and even subzero applications [9]. To assist researchers
and engineers for designing energy storage systems for building appli-
cations, this chapter provides the summary of different TES systems
and technologies for building applications and evaluation of their
benefits. In addition, several barriers that impede the commercialization
of storage technology are identified, and possible solutions are then
suggested. In addition, recommendations are made for the future TES
technologies.

8.2 Sensible and Latent TES Systems for Buildings

8.2.1 Energy Storage System Classification

TES systems allow for efficient use of energy delivered and enhance
occupant’s thermal comfort in buildings. They can be used to reduce
or even eliminate the electricity loads for buildings when coupled
with different heating or cooling systems. TES can effectively utilize
the building base load generating equipment or systems, and relieve
the building’s dependence on peak causing units that have higher
operating costs. In this section, TES sensible and latent technologies
coupled with different heating or cooling systems are introduced. The
classification of sensible/latent TES systems applicable to buildings
is shown in Figure 8.1, and such TES systems are introduced in this
section.
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Sensible TES with chilled
water storage or aquifers

Latent TES with PCMs |
lTES for building air-conditioning PCM for solar shading |
PCM ceiling board |

Sensible TES with hot
water tank or aquifers

TES for heating

Rock and brick reservoir |
Latent TES with PCMs |
|
|

PCM wallboards
1TES integration with heat pumps PCM floor heating

PCM ceilings

§ TES integration with CHP TES and air source heat pump |
TES and ground source heat pump |

Energy storage system classification

CHP with stratified hot water tank
CHP with PCM storage tank

Figure 8.1. Sensible/latent TES system classification.

8.2.2 TES for Building Air conditioning

Application of cold TES for building air conditioning started in 1970s
in the United States and storage technologies have been developed for
a long time. It remains popular today in different countries for summer
air conditioning applications in residential and commercial buildings. In
this section, chilled water tank and aquifers, PCM storage tanks, PCM
shutters and PCM ceiling boards are mainly introduced.

8.2.2.1 Sensible TES with Chilled Water Storage or Aquifers

Figure 8.2 shows the typical TES system with a chilled water tank
or aquifers for air conditioning application. With a chilled water tank or
aquifers, the refrigeration system can be operated during the off peak
hours, when electricity price and cooling demand are lower. During the
daytime, the cooling water stored in the chilled water tank or aquifers
could be utilized to meet building loads instead of using the chiller unit.
With TES, a smaller chiller unit can be designed based on the optimum
efficiency for the majority of the working period.

Chilled water storage, which utilizes the sensible heat (4.184 kJ-
kg 1K) to store cooling, needs a relatively larger volume storage tank
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Figure 8.2. Typical TES system with chilled water tank or aquifers for air
conditioning.

than other storage systems with a larger latent heat of fusion. However,
it has been widely used because of its suitable cold storage temperature
(4°C to 6°C). This characteristic enables its direct compatibility with
conventional water chillers and distribution systems, and provides good
unit efficiency with a low investment. Water is most dense at 4°C and
becomes less dense at both higher and lower temperatures. Because of
this density dependency on temperature, this kind of storage system has
the phenomenon of a stratified temperature distribution in a storage tank.
Effective chilled water storage requires that some form of separation
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should be maintained between the stored cold water and the warmer return
water. The mixing of two water streams at different temperatures, which
is caused by the inlet diffuser during charge and discharge processes,
significantly affects the temperature distribution in the tank. The two
diffuser types most commonly used in today’s commercial chilled water
storage tanks are shown in Figure 8.3 [10]. Most studies related to this
stratification tried to enhance the chilled water storage’s performance,

Upper diffuser
-

Direction of flow
(for inlet diffuser)

Warm water piping

N Cold water piping

Lower diffuser
(a) With radial parallel plate diffusers

Double ring
Tank wall octagonal diffuser Typical slot in diffuser
pipe cross-section

-

\_|_/
£ AN

»~

Tank floor
Distribution piping Slot opening

i e

(a) With octagonal slotted-pipe diffusers

Figure 8.3. Stratified storage tank [10].
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simplicity, cost, and reliability. In a single stratified tank storing both hot
and cold water, diffusers are located at the top and bottom of the tank.
Various physical methods, such as membranes, internal weirs, baffles,
labyrinths, series tank, empty tanks, and thermally stratified systems,
have been used to create the temperature stratification necessary for
highly efficient storage [11].

One case study for energy savings and reductions in pollutant
emissions was provided in ref. [12], a groundwater aquifer TES system
was installed as part of a space-conditioning unit in a newly renovated
office building of Anova Verzekering Co. (The Netherlands). Accounting
for the subsidy of US $212,000 received from the Dutch government,
which is equivalent to 20% of the total initial system cost, the reduced
energy cost due to TES was expected to lead to a payback period of
6.5 years or less. In the case study, TES primary energy consumption was
decreased over 44%, even though the electricity usage was increased by
21% as shown in Table 8.1.

8.2.2.2 Latent TES with PCMs

PCMs are designed to melt and freeze at a suitable phase change
temperature range for their respective applications. With the superiority
of their energy storage density to the conventional sensible heat energy
storage systems, their storage system volume is smaller (in Figure 8.2,
the chilled water tank can be replaced with the PCM storage tank). The
most commonly used PCM is the ice. One ice harvesting system used for
building air conditioning application is shown in Figure 8.4 [13]. During
off-peak time, the ice can be produced and stored. During peak time, the
chilled water can be obtained from the ice storage tank, further reducing

Table 8.1. Annual Energy Savings and Emission Reductions for the Case
Study [12].

Reduction for

Conventional TES-based
Commodity system TES-based system system
Consumptions
Natural gas (m?) 215,800 95,500 120,300 (56%)
Electricity (kW-h) 395,550 511,500 —84,000 (—21%)
Primary energy (m?) 322,000 179,000 143,000 (44%)
Emissions
CO, (kg) 608,000 346,000 262,000 (43%)
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Figure 8.4. Schematic diagram of an ice TES system [13]

the water temperature to cope with the building load. For the other PCMs,
current research is mainly focused on the salt hydrates and eutectics due
to their high fusion heat and suitable phase change temperature range.
To provide a general understanding for different storage systems, Hasnain
[14] compared the primary features of chilled water, ice, and eutectic salt
cold storage systems, as shown in Table 8.2.

According to one study [15], a mixture of paraffin wax and fatty acid
was used as the PCM in an air distribution duct for an office building in
Japan. The system capitalized the low electricity price in the nighttime for
charging the PCM, as shown in Figure 8.5. The charging period was from
(5.00-8.00), the stored energy would be released in the daytime when
the peak cooling load occurred from (13.00-16.00). Simulation results
indicated that the room temperature could be maintained around 19°C
without cold operation sources.

One case study was conducted by using the ice thermal storage systems
for office building applications [13]. The comparison results between the
conventional AC system and the latent TES system indicate that a proper
design could lead to lower energy consumption due to better utilization of
the equipment. It shows that the load leveling strategy consumes around
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Table 8.2. Comparison of Various Thermal Storage Systems [14].

Chilled water Eutectic salt
Primary features storage Ice storage storage
Specific heat 4.19 2.04 -
(kJ'kg_l .K—l)
Latent heat of fusion - 333 80—-250
(kIkg™)
Maintenance High Medium Medium
Warranty availability Low High Medium
Tank interface Open tank Closed system Closed tank
Discharge fluid Water Secondary coolant Water
Charging temperature 4t06 —6to—3 —20to 4
°O
Chiller Standard water Low temp. Standard water
secondary
coolant
Packaged system Medium High High
Heating capability Low High Medium
Chiller charging 5.0-5.9 COP 2.9-4.1 COP 5.0-5.9 COP
efficiency
Storage installZZed cost 8.5-28 14-20 28—43
($.kw—1 .h—l)
Discharge temperature Above 1-4 1-3 9-10
(°O

4% less energy than the conventional AC systems. The potential emission
reduction when utilizing ice TES system was estimated based on the
potential of the natural gas to produce CO, emission. The results show
that the annual CO, emission reduction for load levelling strategy varies
from 3000 to 60,000 tons for the total system capacities of 352 kW and
7034 kW.

8.2.2.3 PCM for Solar Shading

The PCM applied for solar shading system is shown in Figure 8.6. For
the cases with significant daytime and nighttime temperature fluctuations,
this system has the benefit of attenuating the temperature fluctuations
inside the room. Usually, the PCM utilized in PCM assisted solar shading
system is hydrated salt CaCl,-6H,0.
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Figure 8.5. Schematics of free cooling systems [15].

Table 8.3. The Cumulative Energy Saving of the Load Levelling Strategy
and Estimated Emission Reduction with Ice TES [13].

TotalAnnual
Energy Total Annual Total annual
Consumption Energy energy Total annual
of Consumption  saving load  Onsite CO,

System Conventional Load Levelling levelling Emission
Capacity System Strategy strategy Reduction
(kW) (kW-h) (kW:-h) (kW-h) (ton)
352 1,165,565 1,161,133 4431 3000
1758 5,827,824 5,805,667 22,157 15,100
3517 11,655,648 11,611,333 44314 30,300
5275 17,483,472 17,417,000 66,471 45,500
7034 23,311,295 23,222,667 88,629 60,600

One theoretical thermal analysis was performed for a window
containing the PCM instead of blinder. The geometry configuration of
window containing the PCM is shown in Figure 8.7 [16]. The objective
of using PCM in the window is to utilize its high latent heat of fusion to
reduce the heat gain by absorbing the heat through the melting process
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Figure 8.7. Schematic representation of the windows PCM system and the
boundary conditions [16].
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during the daytime before it reaches the indoor space. Heat gain through
windows can be reduced by 23.29% when the PCM with thickness of
0.03 m is used, as shown in Table 8.4.

8.2.2.4 PCM Ceiling Board

One study [17] investigated the effect of a peak shaving control of
air conditioning systems using PCM (micro-capsulate PCM melting
point ~25.8°C, close to room temperature) for ceiling boards in an office
building, as shown in Figure 8.8. The PCM ceiling board is used instead
of a rock wool ceiling board. In the nighttime, the cool air from the AHU
flows into the ceiling chamber space. And the PCM ceiling board is chilled
and stored cooling. In the normal cooling operation period, the cool air

Table 8.4. The Effect of the PCM Thickness on the net Heat Flux during the
Working Hours [16].

PCM thickness 0.0l m 0.015m 0.02 m 0.03m
Net heat flux (W-m2) 44.79 38.65 36.33 33.18
Heat flux reduction (%) —3.58 10.65 16.01 23.29

Return air
Chilled air
supply

Chilled air Ceiling chamber

supply

Ceiling chamber
S a i e—

L

Dutlet for normal
cooling time

PCM ceiling board

(a) Overnight thermal storage time (b) Normal cooling time

Pre:cooled air

Ceiling chamber; illed by PCM celliflg board

hilled air
supply

Outlet for peak
shaving time

(c) Peak shaving control time

Figure 8.8. Schematic of the PCM ceiling board system [17].
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from the AHU flows into the indoor space. During the peaking period, the
air from the indoor space flows to the AHU via the ceiling chamber space,
and is pre-cooled on its way back to the AHU. A PCM ceiling board
system can be a good way to reduce the peak indoor temperature for the
building occupants’ thermal comforts [18].

8.2.3 TES for Heating

Compared with the cold TES and airconditioning systems, the TES
integrated with heating systems have a more limited market. The main
applications are space heating, domestic hot water supply, etc. Similarly,
it is beneficial to manage the electric load, and shift on-peak demand to
off-peak hours. In this section, the hot water tank and aquifers, rock and
brick reservoirs, PCM storage tanks, PCM wallboards, PCM floor used
for building heating are introduced.

8.2.3.1 Sensible TES with Hot Water Tank or Aquifers

Water is a favored material for heat storage in building application
due to its high specific heat compared with other sensible heat storage
media. Water tank (as shown in Figure 8.9) and aquifer storage systems
are the two common water-based storage systems for building heating
applications.

In water tanks, water naturally stratifies because of the increasing
density at lower temperatures: the hot water flows to the top, the cold water
remains at the bottom, and the intermediate region is the thermocline.
For the sensible heat storage, typical temperature differences usually

Hot water,

‘ supply *

uxiliary

Solar collector tric heater ctric heater
—
Cold water Cold water

input input

< <
< <

(a) Direct mode (b) Indirect mode

Figure 8.9. Schematic of domestic hot water system with auxiliary electrical
heater.
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range from 5°C to 10°C. The temperature scale for the space heating and
domestic hot water production is usually at the operating range of 25°C
to 80°C. One common application is the solar water heating, as shown in
Figure 8.9. In the direct (open loop) configuration, the collector directly
transfers the heat to the water in the tank without any intermediate heat
exchanger, and water is the heat transfer fluid. Cold water enters at the
bottom of the hot water tank and in turn passes through the solar collector,
gets heated and delivers the heat at the top portion of water tank. In the
indirect (closed loop) configuration, the heat transfer fluid does not mix
with water in the tank. The hot water requirement is typically at a constant
temperature, and solar radiation varies during the day. Therefore, it can
be used with conventional heating and solar systems. The auxiliary heater
installed in the tank is used to compliment the demand to maintain a
constant water temperature.

The thermal stratification in the water storage tank is typically
affected by several factors such as tank size and shape, location, geometry
of inlets and outlets, temperature, and flow rates during charging and
discharging. Similarly to the chilled water tank, strategies should be
investigated to improve stratification. The water storage tank should be
operated in a stratified manner so that hot water moves to the top from
the bottom due to thermal buoyancy. It should be noted that the mixing
effect caused by the temperature difference could degrade the heat
source level and have negative effects on the system storage efficiency.
The horizontally partitioned water tank achieved exceptional thermal
stratification performance, and was efficient in heat storage application
[19]. In addition, regarding the level of thermal stratification performance,
it showed that in the forced-flow, direct solar water-heating systems, under
realistic operating conditions, the fabric manifold is 4% more effective
than the rigid manifold, and 48% more effective than the conventional
drop-tube inlet [20]. More importantly, as a whole, various factors should
be considered reasonably and one study [21] did the comprehensive
investigation and summarized from the fluid mass flow rate, storage
tank geometrical structure, fluid properties, fluid inlet temperature, etc.
The study is beneficial for the researchers and engineers to design more
efficient and optimized hot water storage systems. It should be noted that
the water tank experiences heat loss. Effects of the water tank design and
selection of the insulation materials (glass wool and polyurethane) on the
reduction of heat loss should also be paid enough attention.

Aquifers are the geological formations containing ground water, and
water in aquifers is sometimes mixed with the gravel or sand. Aquifers
have the capacity to hold hot and cold temperatures for long periods,
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especially when storage is available in large volumes. Heat storage in
aquifers depends on extracting ground water from a well, heating this
water with an available heat source, and then replacing it back into the
aquifer in the other well, as illustrated in Figure 8.10. The groundwater
that is extracted in summer time, is used for cooling by transferring heat
from the building to the groundwater by means of a heat exchanger.
Subsequently, the heated groundwater is injected back into the aquifer,
which creates the storage of heated groundwater. In wintertime, the flow
direction is reversed such that the heated groundwater is extracted and can
be used for heating. Aquifer heat storage systems have lower investment
and operating costs than classical water storage tanks. The allowable
temperature change, the natural ground flow and potential environmental

5

d
Aquifer

Figure 8.10. Schematic of aquifers [6].
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factors should be considered for design and operation. Usually the hydro-
geological conditions make the aquifer storage system quite complex and
conditional. Now many countries and regions increase the use of aquifer
TES to reduce greenhouse gas emissions and the number of aquifer TES
has increased dramatically, especially in Europe. For example, in the
Netherlands, a number of about 20,000 ATES systems could be achieved
in 2020 was estimated [22]. This can possibly contribute the CO, emission
reduction of about 11%, for the target of the Netherlands. Besides the
Netherlands, Belgium, Germany, Turkey, and Sweden are also increasing
the application of aquifer TES.

8.2.3.2 Rock and Brick Reservoir

In addition to the water, solid materials can also be used, such as the
rock, metal, concrete, sand, brick, etc. The operating temperature range
can be over 100°C. The solid storage has several inherent advantages over
the water storage: it can withstand much higher temperatures, it has no
leakage problems when contained, and the solid heat storage materials
have good conductivity. Rock is the most commonly used heat storage
material. Even though it has a lower volumetric thermal capacity, it is still
effective at temperatures above 100°C. One example is Harry Thomason’s
technique using both water and stone as storage media, as shown in Figure
8.11 [23]. The collected heat can be stored both in the stone and water
tank. The stored energy is then able to heat the cold air.

Another example is shown in Figure 8.12 [24]. During the off-peak
periods (i.e., charging process) electric energy is converted to heat which
is stored in the high mass units, or bricks, made of dense ceramic material.
During the peak hours (i.e., discharging process), the power is shut off and
an electric fan begins to transfer the heat from the brick to the house. The
temperature is controlled by outside sensors. The sensors can adjust the
amount of power intake so it can maintain a comfortable room temperature.
In addition, sensible heat storage can use a large amount of water, such as
the underground reservoirs or solar ponds.

In solid storage materials, the compatibility of the material and the
heat transfer fluid used is very important. The storage performance is
largely dependent on the solid material’s size, shape, packing density, type
of heat transfer fluid, etc. The main drawback of solid storage materials
is their low specific heat capacity (~1200 kJ-m3-K™!, where water is
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~4200 kJ-m3-K™"), which causes a considerably low volumetric storage
density. To achieve the same amount of heat storage, solid storage usually
needs three times more volume than water-based storage system.

In another study, a pebble bed was used as the sensible storage material,
as shown in Figure 8.13. This solar air heating system was designed for
the water supply and space heating in a two-story building in Qinhuang
Island, China [25]. The heating area was a 717 m? dormitory and a 2602 m?
cafeteria. A 300 m> pebble bed was constructed to store surplus heat
from the 473.2 m? solar collector during the daytime and was used as the
primary heat source to meet the heat load during the night time. As shown
in Figure 8.13, the heat from the solar air heating system flows to the
indoor area and is then stored in the pebble bed. The experimental results
revealed that the solar fraction achieved a mean value of 19.1%, and the
highest value of 33.6% was observed in the second half of December 2010.

Solar collector

Air duct
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Figure 8.13. Schematic diagram of the solar air heating system in Qinhuang
Island, China [25].
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A Transient System Simulation Program (TRNSYS) modeling indicated
that the designed system could reach an annual average solar fraction of
53% when operating under the optimal circumstances.

8.2.3.3 Latent TES with PCMs

Canbazoglu et al. [26] compared the PCM-charged solar water
heating (SWH) systems to the conventional SWH systems without PCMs.
The PCM-filled bottles were set in their storage system in three rows.
The cross-sectional view of the system is shown in Figure 8.14. Without
drawing off the hot water at night, the system could attain about 46°C.
The storage time of hot water, the mass of the hot water produced, and

Ventilation
 S———— -
L
Hot water " .
D = -_ - -] Fine wire
sieve
| lati From
nsulation - collectors
N _<_
PCM ;
——{i
From cold o
water tank Gridiron
—

To collectors

Figure 8.14. Cross-sectional view of heat storage tank integrated with PCM
[26].

364



total heat accumulated in the solar water-heating system having the heat
storage tank integrated with PCMs were approximately 2.59 to 3.45 times
of that in the conventional SWH system.

One experimental evaluation using the PCM (6000 kg paraffin wax)
unit for seasonal latent heat storage was performed for the heating system
of a 180 m? greenhouse located in Turkey [27], as shown in Figure 8.15.
There are five main parts in the system: flat plate solar air collectors, a
latent heat storage unit, an experimental greenhouse, a heat transfer unit
and a data acquisition system. Results indicated that the system reached
an average efficiency of 40.4% for net energy.

8.2.3.4 PCM Wallboards

A PCM wall, which can capture a large portion of the incident solar
radiation on the walls or roof of a building, has the benefit of minimizing the
effect of large fluctuations in the ambient temperature on the indoor room
temperature. With the high thermal mass of the PCM walls, it is very effective
in shifting the cooling load to the off-peak electricity period. Usually the
wall consists of glass, a transparent insulation material, a polycarbonate, a
ventilation air layer, insulation, and an inside material (plaster) (as shown
in Figure 8.16). Because of the glass and transparent insulation material,
convective and radiative heat transfer can be prevented from the incoming
short wave radiation. PCM can also absorb and store energy. The air for the
house ventilation is heated in the air layer and then flows into the room.

Data acquisition unit
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Figure 8.15. Schematic of thermal energy storage with paraffin wax in a
greenhouse, Turkey [27].
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Figure 8.16. Elements of PCM solar wall.

8.2.3.5 PCM Floor Heating

An under-floor electric heating system with integrated PCM plate
is shown in Figure 8.17 [28]. The under-floor heating system included
polystyrene insulation, electric heaters, PCM, wooden supporter, air
layer, and wood floor. Different from conventional PCMs, the shape-
stabilized PCM can keep the shape unchanged during phase change
process. Therefore, the risk of PCM leakage can be avoided. This system
can charge heat by using inexpensive night time electricity and then
discharges the stored heat in the day time.

8.2.3.6 PCM Ceilings

In the study for a space heating system with the PCM ceiling void
[29], one passive solar unit was used to heat the perimeter zone of an
office building during the less occupied hours (6:00 pm to 12:00 midnight)
to decrease the use of perimeter heaters. The system integrated day light
and PCMs for heat storage. Phase changing panels were embedded in
the ceiling of an office space. The top of the light shelf was coated with
a specularly reflective film such that 90% of the direct solar radiation
incident upon it would be reflected toward the phase changing panel. The
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Figure 8.17. PCM assisted under-floor electric heating system [17].

main advantage of the system is that it allows a large area to be dedicated
to heat storage without the need for large volumes of storage medium
which would be required with sensible heat storage. The theoretically
determined solar areas of the phase changing panel and the solar radiation
data for the city of Montreal, Quebec, were used to determine the amount
of solar energy available for passive storage for each daylight hour in an
average day of each winter month (October to March). Simulation results
showed it had the potential to recover 17% to 36% of heat lost over the
initial gains.

8.2.4 TES and Heat Pumps

In this section, the heat pumps integrated with TES technologies are
mainly introduced for heating or cooling in buildings. It is able to improve
heat pump performance and decouple energy generation. The air-source
heat pump remains popular in the market because it is less expensive, but
its performance decreases when the external air temperature decreases.
Unlike the air-source heat pump, which exchange heat with outside
air, a geothermal heat pump utilizes the relatively shallow ground at
relatively constant temperature. The ground at depths below the frost line
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maintains such a stable temperature that geothermal systems are up to
twice as efficient as air-source heat pumps, especially during cold weather.
However, a geothermal heat pump is more expensive to install than an air
source heat pump because of a ground heat exchanger installation.

A solar powered heat pump system incorporated with a cylindrical
tank filled with 1090 kg CaCl,-6H,0 as the PCM is shown in Figure 8.18
[30]. This system was used to supply heat for a floor heating system in a
75 m? area of a laboratory building in Turkey. Whenever solar radiation
was available and space heating was required, the heat from the solar
collector was charged into the PCM in storage tank. After that it could be
used as a heat source for the water-source evaporator in the heat pump.
Whenever solar radiation is not available, the PCM could supply heat for
the heat pump system. In this way, the building energy consumption can be
reduced by utilizing the renewable energy. However, the PCM is oversized
to obtain the maximum energy that PCM could provide, which also leads
to insufficient isolation for complete melting.

Another system with a ground source heat pump incorporated with
a PCM (300 kg calcium chloride hexahydrate) storage tank, used for

Air outlet pipes <

} ) ) Feed water
< /
/ Solar collectors |
\ 4 I /' Return air
¢

Fan
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heat

energy
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H | H i
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Water-source §§ ‘ I\
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L Expansion valve e

Figure 8.18. Solar assisted heat pump system with latent heat storage tank
using CaCl,-6H,0 [30].
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space heating in a 30 m? glass greenhouse, was investigated in Turkey
(as shown in Figure 8.19 [31]). The PCM storage unit could be charged
from the solar radiation as well as from the heat pump. The PCM storage
contributed to the rational heat distribution in the greenhouse due to
its nearly constant phase changing temperature. Results obtained from
October to May in the heating seasons of 2005 and 2006 showed that
the COP of the ground-source heat pump varied from 2.3 to 3.8, and the
combined COP of the whole system was 2 to 3.5.

In addition, Arteconi et al. [32] reviewed the thermal storage
technologies for demand-side management and the application of
reversible heat pumps in buildings. Reversible heat pumps are extensively
used in the Asian and Pacific regions [33], where a lot of highly
urbanized areas are characterized by hot summers and mild winters with
temperatures that do not fall below 0°C, so the use of heat pumps for year
round space conditioning is appropriate. Heat pump systems with TES,
mostly heat pumps with the ice storage, have benefited from government
subsidies and electric power utilities’ promotions. When designing a
heat pump system with TES, control strategies including the demand-
side management with smart-grid concept, fuel cost and environmental
protection benefit should also be considered [34].

The main barriers impeding the widespread use of the heat pumps
are the large spaces required and the excessive drilling cost in the case
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Figure 8.19. Schematic of the ground source heat pump with PCM tank [31].
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of ground source heat pumps. There are also other issues such as noise,
frosting on the evaporator, and insufficient performance of air source
heat pumps at extreme ambient conditions. All these issues should be
considered when using TES in heat pumps.

8.2.5 TES and CHP

The combined production of the heating and power (CHP) is the
use of prime movers to simultaneously generate electricity and useful
heat in a more efficient way than using two separate equipments. It can
potentially reduce the operational cost, emissions, and the primary energy
consumption. One issue for implementing CHP systems is a mismatch
between the amount of the electricity and heat production by the CHP
system and amount of electricity and heat demanded from buildings. In
general, it is used when there is a low power-to-heat ratio (a ratio of the
electric load to the thermal load) demanded by the building. Therefore,
sometimes the surplus of heat production may not be used by buildings and
would be wasted. In addition, the building demand varies under different
ambient temperatures and climates, and this also adds the complexity of
the design and application of CHP systems. TES can alleviate this issue
by collecting surplus heat and delivering it to the building whenever a
building thermal demand becomes higher, and could significantly reduce
the size of the additional boiler needed to meet the building thermal
demand. It may also result in the significantly reduced carbon dioxide
emissions. TES devices help use of the residual heat better, which in turn
results in better efficiency, economical operation, and lower economic
risk [35-39]. In this section, the combined heating, cooling, and power
(CCHP) and micro-CHP systems integrated with TES are introduced. In
addition, there is one chapter on CHP included in Handbook.

The general layout of a CHP system with TES is shown in Figure 8.20.
The prime mover is interconnected with the external electric network, the
internal electric circuit, the TES system, the auxiliary boiler, and the heat
distribution network. When the heat supplied is larger than the demand of
the building loads, the surplus can be accumulated and stored in the TES
system. The heat from the TES system can also form renewable or low-
grade industry waste heat. When the instantaneous thermal demand is
lower than the heat produced by the CHP prime mover, the stored energy
can be utilized. The electricity produced by the prime mover can be sent to
the buildings for electric loads, and the surplus of the electricity produced
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Figure 8.20. General layout of CHP system with TES.

can be exported to the external electric grid. When the instantaneous
electrical demand is higher than the electric power provided by the prime
mover, electricity is taken from the external grid. The function of the
auxiliary boiler is to fulfill thermal demands whenever the combination
of heat provided from the prime mover and the heat accumulated in the
storage system is lower than that of building thermal loads.

One CCHP system integrated with TES was investigated for service
buildings. The TES device was a stratified hot water tank, and supply
and return temperatures were 90°C and 60°C, respectively. Figure 8.21
[40] depicts a CCHP system, which included a conventional gas engine,
heat exchangers, an absorption chiller, and a TES tank. A single-effect
absorption chiller was preferred over a double-effect absorption chiller
because it was more cost-effective and, unlike the latter, it was able to
work with heat sources at both low and high temperatures.
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Figure 8.21. Diagram of the CCHP system with TES [40].

Optimal volume (VOlopt) and maximum TES volume (vol ) were
calculated for selected cases in to compare their values and the impact
of both sizes on primary energy savings (PES) index of the plant. The
obtained results are shown in Table 8.5 [40], which allows comparing the
performance of the plant without TES device (columns 2 and 3), when
a TES of optimal size is installed (columns 4, 5 and 6) and when the
maximum feasible TES is considered (columns 7, 8 and 9). Results showed
that in every case, the inclusion of a TES device of the system resulted
in a significant improvement of the PES index, of similar magnitude for
VolOpt than for vol _ . Regarding economic results, installing a TES unit
can increase annual economic returns of the system (with both the optimal
and the maximal volume) up to 15% in the cases analyzed.

Plants with PES <0 are not qualified to be considered as a special
regimen for electricity sales so that they are unfeasible under the
considered economic context. It was studied for the case without TES
(columns 2 and 3), for the optimum TES size (columns 4-6) and for the
maximum feasible TES (columns 7-9).

In another study, the CHP plant that incorporated a water TES
system was installed for sustainable energy production [41]. This paper
analyzed the economics and optimum size of CHP operating with gas
engines and thermal stores in British market conditions. It revealed that
the high variation in the electricity prices between day and night allows
the thermal storage to improve the economics of CHP plants in the UK. It
also showed that the thermal storage allows the engine to be operated as
a priority during hours of high electricity prices. The economical size of
CHP plant for a district or community heating load of 20,000 MW -h per
year is found to be a 3 MW power gas engine with a 7.8 MW-h (250 m?)
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Table 8.5. Performance of the CCHP Plant for Different Demands and
Operation Periods in Terms of Efficiency (PES: Primary Energy Savings) [40].

Operating hours Without
(hr) TES With optimal TES With maximal TES

PES® (%) VOlopt (m?) (PES)Opt (%) vol _ (m®) (PES)_
(%)
Hotel
4000 12.4 20 14.0 47 14.3
5000 10.1 50 13.7 62 13.8
6000 7.2 40 9.9 59 10
7800 0.3 144 5.2 144 5.2
8760 —2.8 100 1.8 144 1.9
Shopping Center
4000 5.8 40 8.6 70 8.8
5000 0.7 40 3.9 70 4.1
6200 —4.4 90 2.3 104 2.4
7200 —8.1 136 0.6 136 0.6
8760 -12.8 213 -1.4 213 -1.4
Hotel+Shopping
Center
4000 13.2 0 13.2 0 13.2
5500 13.3 10 13.8 32 14.1
6500 10.5 50 13.1 79 13.2
7300 7.1 80 12.4 103 12.5
8760 1.7 160 11.0 171 11.0

thermal storage. In this case the analysis revealed that the use of a thermal
storage more than doubled the return of investments when compared with
the same size of a plant without a thermal storage. It was concluded that
thermal storage can improve the overall economics of CHP plants in
present British markets.

One study was performed for a technical and of a cost analysis of
residential micro-CHP plants in Italy with two different types of TES
systems (hot water TES and PCM TES using sodium acetate trihydrate)
[42]. For each micro-CHP system, when focused on the hot water
system, the tank cost almost is accountable for the component’s total
cost, covering a percentage of about 98%. Otherwise, relative to each
latent heat system, the heat exchanger and the PCM together represent
about the 35% of the total cost of the latent heat thermal energy storage
system’s components. Results also showed that the total cost of the TES
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Figure 8.22. Sum of the hot water heat thermal energy storage systems
components costs (left bar) and latent heat ones (right bar) for the micro-
CHP systems relative to the single-family house [42].

components is consistently significantly lower for latent heat storage.
This result is particularly noticeable in Figure 8.22 [42]. Furthermore,
the difference in terms of the total cost of the components between the
two types of thermal energy storage systems decreases as the storage
system capacity increases. The tank volume of the latent heat TES
system is about 30% of the volume of the corresponding hot water
tank, due essentially to the significantly higher energy storage density
of the PCM. It has also shown that the total heat transfer areas when
compared with the heat exchangers of the latent heat thermal energy
storage systems are more than four times larger than those of the
corresponding heat exchangers relative to the hot water thermal energy
storage systems, due to the very low thermal conductivity of the PCM,
which represents the major limiting factor of this category of materials
in heat storage applications.

An experimental study was carried out to evaluate the thermal
behavior of different PCM TES units used in a micro-CHP system [43]. A
cylindrical TES tank was used to compare the performance of two PCMs
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with different melting temperatures and encapsulation methods, whereas
using a water-filled unit as a reference scenario. The first concept consists
of cylindrical PCM tubes, whereas the second uses small spherical
PCM capsules. The analysis involves three different tests: constant
inlet temperature, constant power, and partial capacity loading. Results
showed that the PCM tubes were characterized by a higher capacity when
a low thermal power was applied, whereas the PCM capsules were able to
store more energy at higher power. The operating temperatures in partial
loading tests indicated that the incorporation of PCM storage units in
a smart grid environment may be beneficial to the effectiveness of the
thermal system.

Another study by Dorer and Weber [44] investigated the performance
of different micro-CHP in buildings with systems that incorporated low
temperature floor heating and hot water tanks. It has been concluded that
this technology had not been developed well enough and faced strong
competition in the market with other innovative supply options such as heat
pumps. Actually, TES can be a good way for load management for micro-
CHP systems to manage the thermal loads of buildings [45].

8.2.6  Building with TES Integration Literature Summary

In section 8.2, different TES systems incorporated in buildings are
introduced with examples demonstrating TES systems’ energy savings and
CO, emission reduction. Table 8.6 shows the available information that
was collected for TES techniques integrated in buildings. Results showed
that a large part of the studies in residential buildings were conducted
using modeling basis. It is because the modeling simplifies the process
used in prediction of a building’s performance instead of the complicated
experimental approaches. The possible performance improvements could
be achieved by using TES in buildings, such as reducing energy expenses
by introducing renewable energy (solar energy, free cooling, etc.),
reducing the power required during heating/cooling peaks by using the
water or PCMs, or making small changes to how indoor room temperature
is controlled by using the PCM wallboards or the PCM ceiling board.

TES already became an important part of the building sector.
Water storage tank for domestic hot water production paired with solar
collectors and/or boilers has been actively used in buildings. Using
PCMs to increase the thermal mass of buildings has become popularized.
Commercial products are already available such as PCM plaster boards.
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Water storage tanks are already used successfully to a large extent for
short term storage purpose. However, for long term storage in buildings,
it is still difficult to apply due to heat loss through storage tank. It is
possible to use seasonal storage (such as the borehole and aquifer storage)
in larger residential complexes or in small communities while adopting
good installation strategies and careful geological investigations. There
are also many issues regarding PCMs, such as corrosion and supercooling
issues for building applications, which need further investigation.

8.2.7 Materials for Sensible/Latent TES

Early in 1983, Abhat [80] suggested a useful classification of the
substances used for thermal energy storage, as shown in Figure 8.23.
The melting temperature and fusion heat of existing PCMs are shown
in Figure 8.24 [81]. PCMs with high latent heat can show the ability to
reduce the size of storage systems.

Requirements for TES materials, especially PCMs, which can be
used for building applications, are summarized as follows:

» Large specific heat capacity for sensible materials;
* Proper phase change temperature range (it depends on cooling
or heating requirement) and pressure (usually near atmospheric

pressure);
Materials
\
< < <
Sensible heat Latent heat Chemical energy
|
< < < <
Gas-liquid  Solid-liquid  Solid-gas  Solid-solid
< | >
Organics Inorganics
| 1
Eutgctics Mixtl?'e Eufgctics Mi§<7ture

Single temperature TemperatU{e interval Single temperature Temperature interval

>
Paré?‘fins Fatty acids Hydrate salts
(alkanes mixtures)

<~
Commercial grade  Analytical grade

Figure 8.23. Classification of PCMs [80].
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Figure 8.24. Melting temperature and fusion heat of existing PCMs [81].

» Large fusion heat, which allows for a more compact storage tank;

* Reproducible phase change, also called cycling stability, which
can use the materials multiple times for storage and release of
thermal energy with consistent performance;

*  Good thermal conductivity helps speed up phase change progress,
and low supercooling degree;

» Stable chemical properties, low corrosivity, and low environmental
impact factors, such as zero Ozone Depletion Potential (ODP) and
low Global Warming Potential (GWP); and

* Easy manufacturing and low cost.

e PCMs should be penetrated in the fireproofing and insulating
materials, such as rock wool, fiber mineral wool, and silica
aerogel. The adoption of passive fire protection materials (PFP),
for example, installation of protective coatings able to withstand
severe fire exposure conditions, may represent a highly safe and
effective solution.

Generally it is difficult for a sensible material to satisfy all of the
requirements listed, but chilled water is commonly used for cooling
demand because it is inexpensive and available everywhere. Hot water,
soil, and rock are common materials to meet heating demand in buildings.
Table 8.7 lists a comparison of several commonly used sensible heat
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Table 8.7. Comparison of Sensible Storage Concepts [82].

Hot-water Gravel-water Duct Aquifer

Storage medium

Water Gravel-water Ground material Ground material
(soil/rock) (sand/gravel-

water)

Heat capacity

(kW h-m=)

60-80 30-50 15-30 30-40

Storage volume
for 1 m? water

equivalent
1 m? 1.3-2 m? 3-5md 2-3m?
Geological
requirements
* Stable ground -« Stable ground e Drillable ground « Natural aquifer
conditions conditions * Groundwater layer with
* Preferably no  « Preferably no favorable high hydraulic
groundwater groundwater  * High heat conductivity
*5-15mdeep *5-15mdeep capacity (kf>1.10 m/s)
* High thermal  * Confining layers
conductivity on top and

* Low hydraulic ~ below
conductivity ¢ No or low
(kf.< 1.10 m/s)  natural ground
* Natural ground-  flow

water flow * Suitable water
<l m/a chemistry
*30-100 m deep  at high
temperatures
* Aquifer thickness
20-50 m

storage methods [82]. To choose a suitable storage medium, the relevant
boundary conditions should be considered, such as available site size,
local geological conditions, legal issues about drilling, temperature levels
of the store, and investment costs. Duct and aquifer storages rely more
heavily on the geological characteristics. Geological investigations should
be performed in detail prior to designing a storage system because the
hydraulic conductivity and natural groundwater flow can severely affect
the system performance.
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In Table 8.8, a comparison of the main features of common sensible
and latent TES systems is provided [83]. The organic heat storage materials
are mainly paraffin and non-paraffin (mainly fatty acids). Usually organic
materials have negligible supercooling, non-corrosiveness, chemical stability,
self-nucleation, no phase segregation, and low cost operation. However,
they have issues of low thermal conductivity (~0.2 W-m™'-K™!), significant
volume change, and flammability. Pure paraffin is very expensive, and
therefore only technical grade paraffin (mixture of pure substances) is used
for latent heat storage applications. Non-paraffin organic PCMs (fatty acids)
also have corrosion issue. The organic heat storage materials should not be
exposed to extreme heat sources or flames at high temperature. The inorganic
storage materials are mainly salt hydrates. Salt hydrates have relatively high
volumetric storage density and high thermal conductivity, and they are cheaper

Table 8.8. Comparison of Main Features of Different Methods of Heat
Storage [83].

Inorganic
Property Rock Water Organic PCM PCM

Density
(kg'm™)
Specific
heat 1.0 4.2 2.0 2.0
(kJ'kg™h
Latent heat
(KJ-kg™)
Latent heat
(kJ-m)
Storage
mass for
1 MJ
(kg)
Storage
volume
for 1 MJ
(m?)
Relative
storage 15 4 1.25 1.0
mass
Relative
storage 11 6 2.5 1.0
volume

2240 1000 800 1600

— 190 230

- 152 368

67,000 16000 5300 4350

30 16 6.6 2.7
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than organic materials. However, they are poor in cycle stability, corrosion,
and supercooling. The advantages and disadvantages of organic and inorganic
materials are compared in Table 8.9, and possible solutions are also listed.

Figure 8.25 summarizes the possible techniques for enhancing
heat transfer in latent heat material [84]. The performance of micro-
encapsulated PCMs was expected to exceed conventional PCMs since
small PCM particles provide larger heat transfer area per unit volume for
a higher heat transfer rate. PCMs in metal structures have also proven to
be a good way to enhance thermal conductivity. In addition, PCMs with
highly conductive, porous materials and nanoparticles can still offer a
promising alternative to improve the heat transfer processes in PCMs.

8.2.8 Mathematical Modeling of Storage System

Mathematical modeling of storage system is beneficial for improving
performance and decreasing expenses. One problem that cannot be
neglected is the Stefan problem for PCMs. Stefan problem (also Stefan
task) is a particular kind of boundary value problem for a partial

Table 8.9. Comparison of PCM for TES Systems.
Organics (paraffin, fatty acids, etc.)

Advantages Disadvantages and possible solutions
No corrosives Lower phase change enthalpy: adding inorganic
PCMs
Low or none Low thermal conductivity: adding high
undercooling conductivity porous materials and nanoparticles.
Chemical and embedding graphite matrix in PCMs

thermal stability Inflammability: the shape-stabilized PCM
composites using a polymer supporting material

Inorganics (salt hydrates, etc.)

Advantages Disadvantages and possible solutions

Large thermal Corrosion: Use of corrosion resistant container
conductivity

Large fusion heat Phase separation: Adding another material such

Large density as water with a gelling or thickening agent can

Low price hinder the separation and sinking of heavier

phases super-cooling: use of nucleating agents,
cold finger, and porous heat exchange surfaces
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(i) Longitudinal or (ii) Circular fins (i) Multitubes or (iv) Bubble agitation
axial fins shell and tube

(v) Metal rings (vi) Multitubes and (vii) Encapsulation (ix) Metal matrix
carbon brushes

*
ol

7

l VM
(x) Finned rectangular  (xi) Graphite flakes (xii) Steel metal (xiv) Polyolefine
container ball capsules spherical balls

(xv) Polypropylene (xvi) Module beam (xvii) PCM-graphite (xviii) Compact flat
flat panel panel

Figure 8.25. Heat transfer enhancement methods used in latent heat material
research [84].

differential equation (PDE), adapted to cases in that a phase boundary
can move with time. The classical Stefan problem aims to describe the
temperature distribution in a homogeneous medium undergoing a phase
change. For an example, ice melting problem can be solved with the
heat transfer equation by imposing the initial temperature distribution
on the whole medium, and a particular boundary condition, the Stefan
condition, on the evolving boundary between its two phases. Note that
this evolving boundary is an unknown (hyper-) surface: hence, Stefan
problems are examples of free boundary problems. Usually there are very
few analytical solutions in closed form. Currently there are many models
established for PCM storage that consider boundary conditions. For most
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cases, analytic expressions, simplified models, or correlation functions
were developed to serve as practical guidelines in optimizing design of
PCM storage in buildings. In addition, usually the numerical predictions
are validated by means of appropriate experimental data, accompanied by
addressing the issues of stability and convergence during the modeling
process. Numerical methods for TES storage was collected by Dutil et
al. [85], and the models in spherical geometries are shown in Table §.10.

Regarding the mathematical modeling for TES storage, analytical
solutions were involved in early studies to validate the model for selected
problems which admit closed-form solutions. Recent studies rely more on
commercial codes, and there is more discussion that relates to stability,
convergence, grid independence, and other related numerical issues.

8.3 Sorption TES System for Buildings

Among several typical storage systems, the sensible TES technology
is a mature technology and has already been implemented in many large-
scale demonstration projects and plants. However, energy storage density
(ESD) of the sensible TES is relatively low, leading to large storage
volume. In contrast, the latent TES technology has a much higher ESD
with a narrow temperature interval. However, the latent materials usually
have the issues of crystallization, corrosion, etc. In addition, they can
only store energy efficiently around phase transition temperature level.
Regarding sorption TES technologies, sorption is the general phenomenon
resulting from the interaction between an absorbent/adsorbent and a
refrigerant, based on a reversible physical or chemical reaction process.
In theory, sorption materials have a high ESD. Moreover, input and output
temperature levels of the adsorption TES can be determined by practical
demands and operating conditions, exhibiting some extent of flexibility.
There are less moving components for sorption TES system so that it is
quiet during its operation. In addition, the sorption heat can be stored for
a long time without causing pollution and with negligible heat loss.

8.3.1 Working Principle of Sorption TES System

8.3.1.1 Absorption TES Working Principle

A schematic diagram of the basic principle of the absorption storage
is shown in Figure 8.26. Using the working pair H,O/LiBr as an example,
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Figure 8.26. Schematic diagram of absorption TES.

with the shut-off valve after the poor solution opened, the poor solution (low
concentration of absorbent) is pumped towards the high-pressure zone, and
then the mixture is heated in the generator during the charging process. The
contribution of heat (driving source) allows the separation of the refrigerant
(H,0) from the absorbent (LiBr solution). The refrigerant vapor is sent
to the condenser, where it is condensed to liquid by a cooling fluid. The
liquid refrigerant is stored in a container for TES, whereas the rich solution
from the generator is also stored in a container. The liquid refrigerant in
the container as the TES can be used to produce the cooling effect for air
conditioning application in the evaporator or produce the heating effect
for hot water in the absorber. During the discharging process, the shut-off
valve after the poor solution is closed, the liquid refrigerant is expanded
with the shut-off valve on the liquid refrigerant side opened and sent to the
evaporator, and rich solution flows to the absorber with the shut-off valve
on the rich solution side opened. Thus, the water vapor in the evaporator
is absorbed by the rich solution and the cooling effect is produced in the
evaporator at low pressures. And the rich solution absorbs the water vapor
and releases absorption heat, which can be used for heating purposes.
Gradually, the poor solution from the absorber is stored in a container. For
an example, the solar energy can be utilized in the daytime in summer to
store energy and release cold or heat whenever the demand is needed.
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Absorption refrigeration technology is well developed and its systems
are available in the market. Regarding the absorption TES, modification
of the configuration of existing absorption refrigeration for energy storage
purpose seems more attractive and realistic.

8.3.1.2 Adsorption TES Working Principle

To illustrate the working principle of adsorption TES for buildings,
ref. [6] with working pair water/zeolite for residential application is
used for convenience. It is a kind of physical adsorption cycle. In this
study, Mitsubishi Plastic (MPI) FAM-Z01 made of zeolite was used
for the adsorbent bed material and water as the refrigerant. Adsorption
cold storage is shown in Figure 8.27. During the charging process, hot
water (70°C) is used to regenerate the adsorbent in the desorption bed.
The adsorbate vapor (i.e., refrigerant) is separated from the desorption
bed and condensed into the ambient cooled coils (30°C) in the condenser.
The liquid refrigerant flows to the evaporator and is stored there. Finally,
the pressures of the desorption bed, condenser and evaporator are at the
refrigerant saturation pressure of the ambient temperature. After the
charging process is finished, all valves between chambers are closed. Then
the adsorption bed is cooled at the ambient conditions (i.e., pre-discharging
process at 30°C). Its pressure is greatly decreased below the refrigerant’s
saturation pressure at ambient temperature. As the discharging process
begins (the valve between the adsorption bed and the evaporator chamber
opens), the pressure difference between the evaporator and the adsorption
bed forces the refrigerant flows from the evaporator to the adsorption bed.
The decreased pressure in the evaporator chamber makes the evaporating
temperature of falling film liquid refrigerant at the chamber bottom be
decreased. It absorbs heat from the chiller water coil so that the cooling is
produced in the evaporator to meet the loads.

The operating principle of the heat storage is introduced in Figure
8.28 (here it is a kind of short term heat storage). First, during the charging
process, thermal energy (70°C) is used to regenerate the adsorbent in the
desorption bed. The adsorbate vapor (i.e., refrigerant, here is water) is
separated from the desorption bed and condensed by ambient cooled coils
(30°C) in the condenser. The liquid refrigerant is stored in the condenser.
At the beginning of the charging process, the pressure in the desorption
bed and condenser increases greatly. Finally, the pressures of desorption
bed and condenser are at the refrigerant saturation pressure of the ambient
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Figure 8.27. Schematic of adsorption cold storage [6, 112].

temperature. The desorption bed and condenser worked during charging
process changes their role as the adsorption bed and evaporator (evaporator
is at the ambient temperature), respectively during discharging process.
At the beginning of the discharging process, lower HTF temperature of
the adsorption bed helps adsorbents adsorb more refrigerant vapor and
thus make the adsorption chamber pressure lower than the refrigerant
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Figure 8.28. Schematic of adsorption short term heat storage [6, 113].

saturation pressure of the ambient temperature. Here additional heat
source can also be added into the evaporator chamber to make more
refrigerant to flow into adsorption chamber if necessary. With the valve
between the adsorption bed and the evaporator open, the pressures of
two chambers decrease so that adsorbate (refrigerant) is forced to be in
adsorption phase inside adsorbent and release the latent heat. This heat is
carried by the heat transfer fluid to meet the building loads.

The working principles introduced above are all for closed sorption
system. There are also open systems, which are connected with the ambient
environment to allow the release and sorption of the sorbate. In general,
water is commonly used in such systems. Figure 8.29 shows the working
principle for open sorption TES. During the charging process, with solar

391



Solar energy,etc. Charging process

Dry & hot P> | Wet & warm
Air

Space heating
for building load
< Cold & wet

Discharging process

Air

R

Humidifier
Figure 8.29. Schematic of open sorption TES.

energy heating, the dry and hot air stream flows into the sorbent reactor.
The heat drives the water vapor inside sorbents to exit the sorption bed.
When the air comes out of the sorbents, it becomes wetter and cooler.
During the discharging process, the humid and cool air stream flows into
the desorbed reactor again. Then part of the water vapor in the air stream
is attracted by the sorbents. The released adsorption heat makes the air
hotter. The hot air can be utilized for space heating in buildings. Regarding
the open absorption TES, the main purpose is the dehumidification of
the air. As compared with closed systems, the open systems have less
components and better heat and mass transfer. However, it should be
noted that some important factors such as ambient moisture condition,
sufficient air stream flow rate, air stream duct distribution in buildings,
etc., should be considered. In addition, under some conditions if the air is
not wet enough, the humidifier may be adopted as needed.

8.3.2  Sorption Working Pairs

Generally the working pairs should meet the requirements of high
thermal conductivity and heat transfer characteristics with the heat transfer
fluid for sorption process. They also need to meet the requirements of
environmental safety, non-toxicity, zero ODP and low GWP. In fact, there
are no ideal materials available to satisfy all listed requirements. Here the
commonly used working pairs are listed. In addition, Figure 8.30 shows
the comparison of energy storage density for sensible, latent and sorption
materials. It can be found that in general, sorption materials, especially the
chemical reaction materials, have much higher energy storage density than
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Figure 8.30. Energy storage density of different storage materials (combined
from original figures in Ref. [114], latent material figure is added based on
data from Ref. [6]).

sensible and latent storage materials. Currently the main development for
sorption TES, especially the adsorption TES, is at the laboratory prototype
level, which still needs in-depth investigation and efforts to promote its
commercialization.

8.3.2.1 Absorption TES Working Pairs

Among the absorption absorbent/refrigerant pairs, H,O/LiBr and
NH,/H,O are the most common ones. The former is usually used for
air conditioning application or heating purpose and the latter can be
used for subzero applications, such as ice making. In addition, NH,/
H,O has several disadvantages: (1) higher generator inlet temperature
(about 90°C to180°C, whereas it is about 70°C to 90°C for H,O/LiBr),
(2) higher pressures and hence higher pumping power needed, (3) a
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more complex system needed such as a rectifier to separate ammonia
and water vapor at the generator outlet, and (4) health and fire hazard
risks by the use of ammonia. Therefore, H,O/LiBr is more suitable for air
conditioning application. In addition, the comparison of working pairs,
H,O/LiBr, H,0/NaOH, H,O/LiCl, and H,0/CaCl,, has also been studied.
As shown in Table 8.11, different working pairs are compared under the
same conditions of a temperature of absorption of 25°C, a temperature of
evaporation of 10°C and a temperature of condensation of 30°C [115].
From this table, and based on the analysis from literature [115], the
H,0/NaOH and H,O/LiCl pairs have excellent performance on storage
capacity. The NaOH has the advantage of being less expensive, but has
the disadvantage of a high temperature requirement for solar energy
utilization (84°C to 135°C). The CaCl, is the least expensive material,
but its storage capacity is low so that the volume of storage tanks would
be significantly larger than for the other pairs. The H,O/NaOH could
be the most economic material because of its low cost and high storage
capacity. However, due to its high temperature requirement for solar
energy utilization, the system’s solar collector would be operated at low
efficiency. This solution is also highly corrosive.

8.3.2.2 Adsorption TES Working Pairs

The commonly used working pairs, H,O/silica gel and H,O/zeolite
are introduced in this section.

1. H,Orsilica gel

Based on literature by Faninger [116], the storage density of silica
gel is up to four times that of water [116]. From the literature [117], the
adsorption heat of H,O/silica gel is about 2500 kJ-kg™' and the desorption
temperature can be very low, but above 50°C [117]. Normally the
desorption temperature should not be higher than 120°C, and it is usually
below 90°C. Approximately 4 to 6 wt.% water is connected with a single
hydroxyl group on the surface of a silica atom to maintain the adsorption
capacity. If the desorption temperature is too high (above 120°C),
adsorption performance will decrease significantly, even to the point of
losing its adsorption capacity. In addition, the adsorption quantity of this
pair is low at about 0.2 kg-kg' [118].

2. H,O/zeolite
Zeolites are alumina silicates with high microporosity [119], and are
considered to be reliable even in the harshest environment [120]. Since
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synthetic zeolites are expensive, Han et al. [121] conducted a contrast
study of natural zeolites to the synthetic zeolite 13X. They reported that
natural zeolites could be used as a storage material instead of the 13X
synthetic zeolite when the heating temperature is below 100°C. For the
H,0/zeolite pair, the adsorption heat is about 3300 to 4200 kJ-kg~! higher
than that of H,O/silica gel pair [118]. Additionally, with desorption
temperature higher than 200°C, the H,O/zeolite can still remain stable.
The zeolites are usually used for air conditioning application with a heat
source between 200°C and 300°C. Several kinds of crystal cell units of
zeolite are shown in Figure 8.31 [117]. The volume of pores for type X
and Y zeolites, whose void ratio can be as high as 50% when there is no
water adsorbed, is larger than that of other types of pores. One crystal
unit can have 235 molecules of water after adsorption, and most of the
molecules would accumulate in the center pore.

In one study [6], Mitsubishi Plastic (MPI) FAM-Z01 made of
zeolite was used as the adsorbent bed material and water was used as
the refrigerant for residential application. It has the high durability that
it can endure 200,000 cycles of water vapor adsorption and desorption
process [122]. The isotherm curves in Figure 8.32 show the mass fraction
(also named loading) of the adsorbate in equilibrium state as a function of
pressure ratio (P/P_,) between the adsorbate reservoir and the saturation
pressure of the adsorbent bed. FAM-Z01 has a unique isotherm shape.

(@)

(a) Crystal cell unit of type A zeolite (b) Crystal cell unit of type X, Y zeolite
or faujasite

Figure 8.31. Crystal cell unit of zeolite [117].
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As shown in Figure 8.32, it has the property and benefits of large amount
of adsorption with changing the pressure ratio in a narrow range (0.15 to
0.2), as compared with Silica Gel and activated Carbon.

The adsorption process of the working pairs discussed above is
physical adsorption, which is caused by the van de Walls force between
the molecules of the adsorbent containing mesopores or micropores, and
the refrigerant [123]. For details about chemical adsorption, please refer
to literature [118].

8.3.3  Sorption TES Performance Improvement

8.3.3.1 Absorption TES Performance Improvement

Up to now, the absorption refrigeration technologies have been well
developed, and various kinds of absorption chillers and heat pumps with
single or double effect are commercially available in the market. How to
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couple the absorption refrigeration cycles with thermal storage needs is
one of directions to improve absorption TES performance. Figure 8.33
shows the absorption TES improvements with compressor integration
[124], double stage discharging method [125], or three phase cycle
discharging method [126].

Compressor integration can be used when heat source (such as
solar energy or other heat sources) is not enough to drive the absorption
machines, as shown in Figure 8.33(a) [124]. For the charging process,
the refrigerant is regenerated from the rich solution and sucked in by the
compressor. As a result, the refrigerant vapor pressure and temperature
increased immediately. Then the hot vapor is condensed and stored in
one tank. The condensation heat and compressor waste heat can be used
to generate the weak solution in the desorber. During the charging process
there is only the electricity power input to the system. For the discharging
process, it is same to that conventional absorption TES process. The
compressor integration systems aim to shift electricity demand from peak
periods to off-peak periods as the compressor is driven by electricity.

The double stage absorption TES process, as shown in Figure 8.33(b)
[125], can produce the same temperature of hot water as to the single stage
process, but can be at a lower concentration of the NaOH lye (double-
stage cycle 35 wt.%, single-stage cycle 50 wt.%) [125]. The double
stage absorption TES is beneficial to the condition with a lower charging
temperature, or a higher condensation temperature during the charging
process, and for a higher discharging temperature or operating with lower
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RN S—
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Heat | | r",’je&&\' g Spreading arm Pumpﬁ
h: s
exenanger Absorber2 |/ ¥ Absorber2 Charge
olution 7 High temp High exchanger
tank ’"';1
i Reacto
Heat I | o . [ H
exchanger Liquid solution —§— i g

i i
Absorber Evaporator’ Weak < Strong | Salt crystals —p ¢ ! i
solution solution Filter ) !‘ i

Useful heat Low temperature heat
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Figure 8.33. Absorption TES performance improvement.

398



solution concentration during the discharging process. More details on the
double stage absorption TES, please refer to literature [125].

Typically a larger concentration difference of liquid absorption
couples can lead to a larger energy storage density. Conventional H,O/
LiBr absorption system cannot realize this because of the crystallization
issue when expanding the concentration difference between the strong
and weak solutions. In the three-phase absorption cycle, as shown in
Figure 8.33(c) [126], salt crystals can be transformed from an obstacle
to an enhancement to increase the energy density of the salt. Usually the
energy is stored efficiently and, there is less thermal loss in the dried salt.
During the charging process, the weak solution from the bottom of the
reactor is pumped and sprayed over the heat exchanger. The solution is
heated until it reaches the saturation point at the charging temperature.

As the water vapor is released from the solution, solid salt crystal
is left continuously, flushed to the bottom of the vessel and stopped by
a sieve. Three phases, including vapor, liquid solution and solid crystal,
coexist simultaneously, so a monovariant process is ensured. For the
discharging process, the process is reversed, and the solution becomes
the poor solution at a lower temperature by absorbing the water vapor
produced in the evaporator. The poor solution then flows down and meets
with the solid crystal collected at the bottom where the crystal dissolves
into the solution. Therefore, it can relieve the issue of crystallization.

8.3.3.2 Adsorption TES Performance Improvement

The main improvements of the adsorption TES performance focus
on enhancing the heat and mass transfer of adsorption bed, especially for
closed systems. Various extended surfaces have been used to enhance
the sorption bed heat transfer, such as plate-fin heat exchangers [127],
coated Spiro-tubes [128], coated fin-tube heat exchangers (as shown in
Figure 8.34) [6, 112], etc. Regarding the open systems, a large contact
surface area is needed between air stream and sorbents. In addition, it
should also be mentioned that thermal capacity ratio between the metallic
extended surfaces and the adsorbents should be considered when adopting
heat/mass transfer enhancement methods.

There are some discussions on integrated reactors and separate reactors

for adsorption TES performance for practical application. Regarding the
integrated reactor, reaction occurs within the storage vessel, and this is
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(a) Prototype of (b) Close-up adsorber heat exchanger with
absorber heat exchanger desiccant coated fins (1.8 mm fin spacing, 0.115 mm
fin thickness, 0.25 mm zeolite coating thickness)

Figure 8.34. Desiccant coated fin adsorber heat exchanger used in sorption bed
[6, 112].

the common type in solid adsorption systems. Regarding the separate
reactor, when the reaction is complete, the sorbent is fed back to the
storage vessel. More details can be referred to literature [129]. Simple
construction is the main advantages of integrated reactors but separate
reactors have the benefits of better optimization of the mass transport
ability, the reduction of heat required for inert metallic components, etc.

8.3.3.3 Sorption TES Prototypes and Systems

In this section, several prototypes with sorption TES developed for
building application are introduced. Table 8.12 shows the review of recent
achievements of sorption TES prototypes.

One closed liquid absorption TES system using CaCl, solution is
shown in Figure 8.35 [135, 136]. During the charging process in summer,
diluted CaCl, solution is pumped to the solar collector, and it is heated up
to 117 to 138°C. The concentrated CaCl, solution and condensed water are
stored until the winter season to provide heating. Figure 8.35(b) shows the
design and operation of the storage vessel to prevent mixing of solutions.
An internal heat exchanger was used to add and discharge thermal energy
in the tank. In particular, a heat exchanger and a stratification manifold
are immersed in the storage tank, which can thermally stratify the solution

400



(ponuryio))

- WM 0TI i | UMA TT [DoSEMAST-OT|  Do081 Vi on0az/0°H | uondiospe | [1€]] Auewion ‘M1
WM 091 A ®MISTOT prjos uadQ
- W UMY 8°LS d | UMY T DoSS 0,081V [XE1 MM03Z/0°H| uondiospe |[1¢]] PUBLOZIAS AdS
WM 081 T ' MY 8180 prjos uadQ
(P109) (P109) - (Burjoos Do0LIV | 10Z-NVA/O°H | uondiospe | [€]] I ‘9] soyeIg
S0 [1-SN-UM 01T ‘N ooeds) D,02-S1~ PI[OS PAsO[) | pajtu() ‘pue[AIe
() 6°0( -SA-UM 01T N (o8er018 Jo AyisteAtun ‘ggd0
183Y) D0t~
- cW UMY €EEd | UMIET | MIO0T-S0 | MISTOT qLel uondiospe [ret]
WM 06 TN 198 BOIIS/OH | PYIOS Paso]D | emsny DALNI-AIV
- cW-UMI S Od | UMN 68 | Do0LB MAT |DeS68 M 1| HOBN/O'H | uondiosqe [1€1] puejroznmg
W-YMY 0ST TN pmnbi| paso[) ‘VdINA
- WM 98 :d | UMY SE | D.0€ 18 MY 8 DoL8 IDI'T/OH uondiosqe | [1¢]] udopams DIAS
cWYMY €67 TN ' MY ST paso)
- UMIET | Do0r—0€IV D006-SL 1gr1/0°H uondiosqe logt]
' MY T pmbi| paso[) | 2dueL] ‘SUND-AID0T
dOD | Ksudp d8ea03S | fyoeded | damyesddwd) | dumyerddwd) | ared Suppiopn ad£) AL AUAIY
98ea0)S | SuIdaeydsiq | 93anos eIl uond.aog

*s9d£}0301J ST Uonpd.10§ JO SJUIWIAIIYIY JUIINY 718 dqBL

401



‘Toas] adK10101d O paseq (ST :d PUL [9A] [ELIOJEW UO Paseq (ISH A ‘05e10)s 18ay 1€ SIOY)0 05eI0IS P[Od P[0 210N

(p109) (p1o2) (p1o2) Dot D00L—09 | onydeis femjeu | uopdios [6€1] oouerg
£°0-€°0 | -SN-UM PIT N | UMI 0T | 8 (P109) M e MY L popuedxa oysodwod ‘SUND-SHNOYd
—“1org/*HN Paso[)

- (P109) (P109) MI0F-ST 00081V | anydesd jeimeu | uondios [#€1] 2oueL]
UM PIT N | UMY OF papuedxd sysodwod ‘SUND-SHNOYd
=S-UM TZTE N | UM 09 -A1gI1S/0°H Paso[)

(p1o2) (p1o2) (p102) 250§ MI0T-T0 9s0[N[[00 uondios [8c1]
960 | BIUMO0LIN | UMA | 1BMILO0-SO —-Ss“eN/O°H opsodwiod | spuepRyioN Ayl ‘NOH
UM 0L0T TN 1'c pasor)
L
e
1-99-UM UM MIYTO-ST0 | 0056708 anyderd uondios [€€T] puepreyy,
0veT TN 96°0 'MI8E —-S“%eN/O‘H aysodwod ‘Ayis1oATUN)
Paso[) BN Suery)
(p1092) | (p10d) cw-ymy | (prod) Dol 1e D.0€1 X¢€1 uondiospe [ze1] Auewron
98°0 891 1IN UM (P1O9) M 0S | 1 M SET NMoaZ/0°H | pros uadQ ‘urked HVZ
(veoy) UMY ISLI D659
60 vZl TN UM ' MY 01
00€1

(‘7u0)) *s3d£)0301g SHL uond.aog Jo SHUIWIAINYIY JUIINY 78 dqeL

402



(a) (b) From solar collector () Heat exchanger

| i
|
| i
HO i
\ \ f
| 7 === ==
e - Dénsity
! = interface!
‘ H Dilutes ! :
leat pum|
B CaCl,(aq)! =
i Load 1 s 7 O |
g “ |
> 1
Concentrated : 0l
Storage tank CaCl,(aq) : n
T , 1B L 1\ P
> H= e
-
-~

Figure 8.35. Closed H,0/CaCl, absorption heating system with a single
storage vessel: (a) system schematic [135]; (b) storage tank schematic [136];
(c) anticipated convective flow patterns during sensible charging [136].

and minimize mixing between regions of different CaCl, mass fractions.
A storage tank of 1500 liters was built to elucidate mixing of solutions.
The transient experimental characteristics of stable density interfaces and
confined natural convection flows were shown via in Figure 8.35(c).

One adsorption TES system using H,O/silica gel was developed
within the framework of the EU-project MODESTORE [131, 137], as
shown in Figure 8.36. The silica gel used here was microporous silica gel
Grace 127B. A spiral heat exchanger containing silica gel was used and
it is connected to an evaporator/condenser at the bottom of the vessel.
Results showed that a storage capacity of the lab scale unit was only
13 kW-h, which was lower than initially expected. Further work is still
needed to search for advanced sorption materials to get better storage
performance.

One experimental adsorption TES for space cooling was investigated
[6, 112], as shown in Figure 8.37. Cooling water at around 15°C can
be produced for space cooling. The operation principle is introduced
in Figure 8.27 in Section 8.3.1.2: Adsorption TES working principle.
Chambers of the sorption beds, condenser and evaporator were housed in
each own cylindrical vacuum chamber as shown in Figure 8.37. A steel
flange on one side of each chamber supported a 2.5 cm thick plate of
polycarbonate resin thermoplastic materials to enable viewing inside of
the heat exchangers during adsorption thermal storage operation. The hot
water was supplied by a 0.83 m? (approximately 833 liters) water storage
thermal buffer tank, which is heated by the waste heat from the prime mover
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Figure 8.36. Schematic of H,O/silica gel thermal storage prototype [137].

with an internal combustion spark ignition gas engine. Three constant
speed pumps circulated HTF (water) for the sorption bed, condenser
and evaporator. The heat transfer between components was regulated by
electronically actuated mixing/diverting valves that control the amount of
water recirculation. The adsorber heat exchanger (in Figure 8.37), which
was placed inside the sorption bed, was a copper tube and aluminum plain
fin type heat exchanger with 12 parallel four-pass circuits and a 0.25 mm
thick coating of Z01 zeolite on all fin-and-tube surfaces. Regarding the
evaporator chamber, the horizontal tubes were stacked vertically in two
columns so that refrigerant dripping off would fall directly to the chamber
bottom. The tubes were carefully leveled so that the refrigerant would fall
in film form from one tube to other below. Distribution of the falling film
was implemented with a combination of an orifice tube. Tests showed
that the cold energy storage density of approximately 400 kJ-kg~! was
achieved with 44.6% energy efficiency under the operating conditions
that regeneration, ambient, and evaporator HTF inlet temperatures were
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Figure 8.37. Schematic of adsorption TES test facility [6, 112].

70°C, 30°C, and 30°C, respectively. This system can also be used for
short-term heat storage for residential application with flexible operating
strategies, and the heat ESD was approximately 800 kJ-kg~'. More details
can be referred to literature [113].

An open type adsorption TES system using H,O/13X zeolite
was installed and studied by ZAE Bayern (Center for Applied Energy
Research) [132, 138] to heat a school building in winter and to cool a jazz
club in summer, as shown in Figure 8.38. The heating load is 130 kW for
school and the cooling load is 50 kW for the club. During the night time,
hot steam from the district heating system heats the zeolite to be 130°C
to 180°C, and this is the charging process. During the day time, which is
the discharging time, the zeolite bed is discharged in times of peak power
demand. In addition, the cold recovery device, which consists of an
exhaust air humidifier with an integrated heat exchanger and the supply
air heat exchanger, is also added to in the cooling process for the jazz
club. Results showed that the cold recovery device can exchange 83% of
the maximum enthalpy difference from the exhaust air to the supply air.
The storage densities were 124 kWh-m™3 for heating and 100 kWh-m™3
for cooling with COP of 0.9 and 0.86, respectively.
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Figure 8.38. Open adsorption thermal storage system on district heating net
in Munich: (a) charge mode for heating; (b) discharge mode for heating [138].

One system coupled with sorption and latent TES is shown in Figure
8.39 [139]. It is a solar air conditioning pilot plant built in 2006, which can
provide a daily cooling capacity of 20 kWh. The heat source is from the
flat plate solar collectors with temperature at 60°C to 70°C. There are four
subsystems: a solar heating loop, a sorption unit using the working pair
NH,/BaCl,, a ground cooling loop and a chilled water production loop.

Thermochemical

Solar heating loop sorption unit

Flate plate
solar colle
5 4

Thermochemical
Cold PCM storage

Chilled water distribution loop

i
P4 gugg Chilled V\sa’éer
Production, I&gk *
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Figure 8.39. Solar sorption pilot plant for air conditioning [139].
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The hot PCM storage tank can store the excess solar heat if the desorption
reaction in the reactor is completed, and the cold PCM storage tank makes
a necessary supply of cooling effect possible whenever the sorption effect
is not available. It showed that an average yearly efficiency of solar
collectors and a COP ranging from 0.4 to 0.5 and 0.3 to 0.4, respectively.

8.4 Conclusions and Perspective

The incorporation of TES systems in different methods into buildings
is beneficial for saving energy and reducing CO, emissions by enabling
utilization of recovered waste heat and renewable energies. It can lead
to the reduction of heating/cooling peak demands and the indoor room
temperature fluctuations. In this chapter, different types of TES systems
and the development of energy-storing buildings have been introduced as
a solution to the on-going quest for energy conservation and improving
the indoor thermal comfort.

Sensible TES technologies have been well-developed, and the use
of cooled water/stratified hot water, aquifers, rock storage, and ground
storage have been investigated in detail. Currently there are many large-
scale demonstration plants. The material is environmental-friendly and
cheap, and the system is simple to design and easy to control. However,
due to its low energy storage density, huge volumes are usually required,
especially for district heating or cooling. Also with the growing global
population, the land available for storage may be reduced, and site
construction for large volume storage is very expensive. In addition, there
are geological requirements for aquifers, rock storage, or ground storage.
In the future, effort should be made to reduce the heat loss during storage
periods. Proper system control policies to effectively use the renewable
energy as heat source and optimization of storage temperatures to reduce
the heat loss should be investigated. In addition, more reliable simulations
and predictions for the feasibility of aquifer or ground storage geological
conditions should be pursued to reduce the risk of heat losses and protect
the ecological environment.

Latent TES systems have a higher energy storage density than
sensible TES systems. PCMs have a high energy storage density, and can
release the stored energy at a constant temperature. Currently there are
several application examples of PCM storage tank integrated in buildings.
Especially with ice storage, it remains popular today in different countries
for summer air conditioning applications in commercial or residential
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buildings. Of course, other kinds of PCMs, such as organics or inorganics,
should continue to be investigated to evaluate their feasibility in TES
for buildings. The performance of PCM construction materials suggests
that they can significantly lower mean radiant temperatures, provide
more thermal stability, and are less likely to overheat and experience
temperature fluctuations. However, common issues of PCMs include
supercooling or corrosion, which should be resolved in the future. The
cost of PCMs except ice is still high. Thermal improvements in a building
by the inclusion of PCMs depend on the type of PCMs, the melting
temperature, the percentage of PCM mixed with conventional material,
the climate, design, and orientation of the building. Therefore, for future
work, the modeling, and optimization of these parameters is essential to
demonstrate the potential success of the PCMs in building materials. In
addition, searching for novel PCMs with higher fusion heat and fewer
material issues should be investigated, and modeling and optimization
work should be done to better predict and improve building performance
and reduce the cost.

For sorption storage, absorption storage technology has been
developed well, and adsorption storage technology has made a great
progress towards a commercialization. Thermal energy can be stored
with little heat loss for season long and the technique can also be used in
buildings where the heating requirement is low (single family houses).
However, sorption storage still has many issues that need to be solved
before the technique can be more reliably used. Usually for sorption
storage during discharging process, a low temperature heating source is
required. This heat source can be ambient air or any other waste heat. How
to obtain and integrate such heat sources reliably with sorption storage
system should be investigated. Poor heat and mass transfer property of
sorption bed under high density condition is another issue for sorption
storage systems. Regarding the future work, optimization of sorption bed
structure to improve heat and mass transfer performance, working pair
selection with high sorption energy density and low cost, thermodynamic
and kinetic study with noble reaction cycles, should be investigated.

Nomenclature

CHP combined heating and power

CCHP combined heating, cooling, and power
ESD energy storage density

GWP global warming potential

IEA International Energy Agency

PCM phase change material
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PDE partial differential equation

PES primary energy savings

PFP passive fire protection materials
MPI Mitsubishi Plastic

ODP ozone depletion potential

SWH solar water heating

TES thermal energy storage

TRNSYS transient system simulation program
WHR waste heat recovery
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9 Automated Fault Detection
and Diagnosis in HVAC Systems
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Abstract

As system integration becomes the norm in HVAC systems in
buildings where energy conservation and efficiency are the main concern,
more interdependency is built-in into system components, more variables
are being monitored and controlled, and more data is available for
equipment, system, and user domains. This increase in complexity and
real-time information is leading toward new techniques and technologies
for equipment and system level monitoring, supervision, and fault
detection, some of which have emerged in commercial applications.
However, there is a wealth of opportunities to enhance and integrate
new and on-going research in automated fault detection techniques in
building management systems (BMS), or stand-alone HVAC control and
supervision applications, to increase system performance, efficiency, and
quality of service.

This chapter presents a review of the different types of approaches
of fault-detection techniques, state-of-the-art discoveries in the field,
referenced applications to industrial and HVAC settings, commercial
applications with embedded fault-detection ability, challenges to be
addressed in this field, and a case study of implementation of automated
fault detection in a district cooling application.

9.1 Introduction to Alarm Management
and Fault Detection and Diagnosis

Control and supervision of processes and systems has become a
hierarchical task where field devices interact with the process, and
centralized or decentralized hardware carries out binary control functions
(safety layer) and regulatory control functions (operations layer), while
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communicating various types of data to a server where an industrial
database resides. Linked to this database there are supervision or operator
terminals with human-machine interfaces (HMIs) designed to allow for
eventual, periodic or continuous observation of process behavior and
performance.

One of the traditional views or screens available in such systems is the
alarm management board, where a historic list of events is displayed for
the system operator/supervisor to act upon it. However, as most system
operators know, a distinction should be made between the annoying sound
of an alarm panel and an actual process or system fault.

9.1.1 Process or System Fault Definition

A fault is considered as an abnormal operating condition developed
within the process evidenced by an undesirable deviation of any
characteristic property or variable from the acceptable values that define
a standard behavior. Faults are usually related to changes in process
parameters which the implemented control strategy cannot handle
adequately and may be classified according to the nature of the atypical
condition observed in each type of equipment. A general description of the
most common fault types and some examples evidenced in HVAC systems
are presented below.

A process parameter change is the most common source for faults
within industrial processes. This type of fault is mostly developed on
the main equipment and is related to aging or continuous operation.
An example of process parameter changes affecting HVAC systems is
the fouling condition on preheating, heating or cooling coils that leads
to a reduction on heat transfer capabilities. Furthermore, a Disturbance
parameter change is a deviation on a not-controlled variable larger than
the identified maximum allowable magnitude driving the process outward
the safe operating region determined by the control strategy set in place.
Thermal load variations and several environmental changes are common
disturbance sources affecting HVAC systems.

Actuator problems are directly related to an anomalous performance of
any final control element such as dampers, fans or valves. Common HVAC
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faults related to actuators include fan motor failure, damper or valve stiction,
severe internal leakage, among others. On the other hand, sensor problems
are related to erroneous measurements on the sensing element evidenced on
biased or not steady signals produced by mechanical or electrical damage.
Temperature, pressure or flow sensors exhibiting an offset or drifting
behavior comprise the most common examples for this type of fault source.

Finally, component failures affecting the normal process dynamic
response such as duct structural failures inducing air leakage or controller
malfunctioning are common examples of faults and symptoms on major
HVAC equipment. This type of mechanical or structural fault normally
requires direct human intervention to isolate and recover the underlying
faulty condition. Some examples of the most common faulty conditions
developed in HVAC systems including type and process location are
illustrated in Figure 9.1.

Controller
malfunction
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Control
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Thermal Environmental
load conditions

Process
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% Actuator problem [0 Process parameter change
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Figure 9.1. Common HVAC faults.
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9.1.2  Process Monitoring Method

A process monitoring method, hereafter PMM, is considered a set of
supervisory procedures implemented alongside a process control strategy
to guarantee a proper system operation within safe and optimum limits,
and given the presence of any abnormal condition, trigger the required
procedures to mitigate the anomalous condition effectively. A PMM is
comprised of four stages: Fault detection, identification and diagnosis
followed by process recovery.

In the fault detection stage is determined whether a fault has occurred
within the system. Its main goal is to acknowledge the presence of
the abnormal condition at early or incipient phase and emit alarms to
prevent major upsets within the process. Once detected, the rest of the
process monitoring loop is triggered. The second stage pursues the fault
identification isolating the process variables that contribute the most to
the fault. Hence, the operating personnel may focus their attention on the
main subsystem or a reduced set of variables facilitating the following
diagnosis stage.

Fault diagnosis comprises the procedures required to determine the
exact cause affecting the process. Once complete diagnosis is achieved,
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Figure 9.2. Process Monitoring Method and its implementation.
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the main fault features such as nature, location and initiation time are
completely acknowledged [1]. Finally, the last PMM stage is the Process
Recovery where the operators intervene the process to implement actions
to overcome the anomalous condition.

Although several researches have been conducted on each PMM stage
to achieve a complete automated online solution, the fault diagnosis and
process recovery stages still remain a partially automatic engineering
supervised activities. The integration of the PMM procedures with the
control strategy implemented in the process is illustrated in Figure 9.2.

9.2 Classification of Fault Detection Methods

Although intuition and experience are considered tools to detect a
faulty condition, they are difficult to teach and even harder to encapsulate
or embed in an automated system. In addition, they are not available in new
processes or systems, or even in those with major innovative configurations.
This leads to the need of formal methods to address fault detection as a
specific task within an automated system. The successful implementation
of a monitoring method for fault detection is highly dependent on:

*  Process knowledge

* Overall process characterization approach (stochastic vs deter-
ministic, first principle vs empirical, univariate vs multivariate)

*  Amount and quality of available data

* Availability of an experienced operator willing to work in the
development team

9.2.1 Traditional Alarm Management—A Prismatic Approach

One of the more intuitive, but formal, approaches to fault detection
is to identify a set of key process variables, and identify for them lower
and upper limits. This approach, commonly used in SCADA and DCS
systems, reflects a non-interdependent view of variables within a process
or system. If a single variable is chosen for monitoring, the feasible region
of operation is described by a line segment. If two variables are chosen for
monitoring, the feasible region of operation is described by a rectangle, if
three variables are chosen; the feasible region becomes a tridimensional
prism; if n variables are chosen, the feasible region becomes an nth
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dimensional prism. Hence, we call this method of individual limits per
variable, a prismatic approach to fault detection.

The main drawback from this approach is not only the lack of
consideration of variables’ interaction, but also the underlying assumption
that feasible operation regions for industrial process or physical systems have
linear frontiers with sharp edges. Process and system modelling analysis in
physical domains commonly lead to nonlinear equations or models; therefore
the inference of a nonlinear limiting operating region is more than reasonable.

Figure 9.3 illustrates the two possible prismatic boundaries that
could be built given an actually nonlinear feasible operating region in
a bi-dimensional process with temperature and pressure as monitored
variables. The yellow region describes the feasible operation region or
all possible pressure—temperature combinations that do not represent a
hazard. Outside this region, humans, the environment, or equipment are
at risk. Two prismatic regions may be defined on this region to create the
alarm frontier: the circumscribed or outer prism (dashed lines) and the
inscribed or inner prism (solid lines). The use of the outer prism makes
no operational sense, since no alarm will be triggered outside the feasible
region but inside the outer prism, leading to undetected faulty conditions.
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Figure 9.3. Feasible, typical and alarm region for a nonlinear process.
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In practical sense, this outer prism leads to very low rate of false alarms,
but very high rate of missed detections. The use of the inner prism, a
common practice in SCADA and DCS configurations, almost makes sure
that no faulty condition goes undetected, but induces a large set of false
alarms, due to the prism’s inability to better “fit” the feasible region.

If the inner prism is selected, no one should be surprised of monitoring
systems generating alarms and most of them being discarded by the
operator because no actual undesired behavior or performance is observed
in the system under observation. As many process or system operators
of highly automated and frequently monitored systems have seen, this is
unfortunately common.

The need for a major shift in how industry approaches fault detection
and alarm generation is supported by extensive research in this field,
and a growing number of more sophisticated, and adapted to the “true”
process shape, monitoring methods.

9.2.2  Most Commonly Used Fault Detection and Diagnosis Methods

As mentioned before, fault detection and diagnosis techniques are
divided in three main approaches based on the nature of the available
process information. Model based approaches are suitable when the a
priori knowledge relies on a widespread comprehensive understanding of
the fundamental physics and dynamics described by the process. Model-
based methods are divided in qualitative-driven and quantitative-driven
depending on the type of knowledge used for its development. On the other
hand, the third approach, known as the data-driven approach, is suitable
for large complex processes with a lot of available historical data and, due
to the size and process features, a model-based approach is unfavorable.

The quantitative model-based methods are developed from a
comprehensive knowledge of process physics, dynamics and chemistry
achieving a descriptive analytics model using fundamental equations
such as energy and mass balances, dynamic and momentum equations,
among other mathematical functional relationships. The basic principle is
to estimate states or parameters to develop analytic models and process
features, and as a result of a comparison with actual online data, generate
residuals to perform the fault detection and diagnosis procedures. The
quantitative model-based techniques are usually clustered depending
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on the use of input and output information and a general overview is
illustrated in Figure 9.4. Venkatasubramanian et al. [2] and Isermann [1]
performed an extensive review of quantitative model-based techniques.

On the other hand, the qualitative model-based methods translate the
process knowledge to a non-mathematical set of qualitative functions
centered around the main components of the process aiming to develop a
logical framework to detect and diagnose abnormal conditions based on
historic or deductive information. Its outcome is more limited than those
provided by quantitative models in favor ofa lighter required understanding
of the process and a simpler structure. The early qualitative model-based
methods were developed using an abductive approach relying on an if-
then rules structure for fault detection with high computational demand
and failing to diagnose any new faulty condition. Recent techniques use
an inductive or deductive approach to include experimental knowledge
to strengthen its database with an adaptive self-learning scheme and sum
new information for fault and diagnosis procedures. Venkatasubramanian
et al. [3] performed an extensive review of qualitative model-based
techniques and a general overview is illustrated in Figure 9.5.

Finally, the data-driven methods use historic data to extract process
features, especially of normal operating conditions, to develop a formal
structure to perform the process monitoring. Their principal advantage
relies on the independence of a priori process knowledge becoming
the most diversified approach with the largest number of satisfactory
implementations even though its performance is bounded by the quality
of the historic data used.
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ABSTRACTION
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Figure 9.4. Qualitative Model-based Methods. Adapted from reference [3].
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Figure 9.5. Quantitative model-based methods.

Data-driven techniques may be clustered in qualitative and quantitative
approaches: Qualitative methods analyze the information to identify
systematic trends on historic data to determine the presence of an abnormal

condition whether quantitative methods are bas

ed on mathematical or

statistical models extracted directly from data. Most of data-driven techniques
are implemented in two steps: A feature extraction performed over offline
historic data followed by an online process monitoring implementation.
Venkatasubramanian [4] performed an extensive review of data-driven
techniques and a general overview is illustrated in Figure 9.6.
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Figure 9.6. Data Data-driven methods.
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9.2.2.1 Principal Component Analysis

The most popular data-driven technique used for fault detection
purposes is known as Principal Component Analysis (PCA) and it is based
on researches carried out by Pearson [5] and Hotelling [6] to develop a
formal method to include the cross-correlation of process variables into
multivariable statistical analysis.

PCA, as data-driven multivariate statistical technique, requires the
application of data pretreatment operation prior its execution. Autoscaling
is the main operation and may be defined as a standardization procedure
applied over the observations matrix as follows:

Let Xz e R™™ a data set consisting of m process variables and
observations for each variable stacked in a matrix given by

X(1 X2 Xim
X2 X220 Xom

Xr=| . o i 9.1)
Xnl  Xn2 0 Xam

and let X; y s; the sample mean and standard deviation computed
for the i-th column (variable) based on its n, observations stored in two
diagonal matrices Xg and £z € R"" as follows,

x O
_ 0 x» ... 0
Xg= S : 9.2)
0 0 Xm
s1 O
0 s ... 0
Xx = e (9.3)
0 0 Sm

An autoscaled observation matrix X € R may be computed using
the following expression

X=(Xg=Tum Xg) X% (9.4)
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Im=| . . . e R™ 9.5
11 ...1

where J  is the identity matrix on a Hadamard product [7]. Then the
sample covariance matrix S € R™" of the autoscaled data set is equal to

s— L xTy (9.6)
n—1

As each entry of the covariance matrix is in general different of
zero for an industrial process data set, this comprises a formal prove for
variables cross-correlation. To decouple the observation space into a set
of uncorrelated variables, an eigenvalue decomposition of the S matrix is
carried out,

S=VAVT 9.7
with
A 0 0
00 .
V=[WVy..V,]e R™™" 9.9)

where A is a diagonal matrix containing the eigenvalues of S, and V'
is an orthogonal matrix containing the corresponding eigenvectors and
describes the principal directions of variation denoted by the observation
space as depicted in Figure 9.7 (a).

In general, a matrix Y € R™" containing a set of uncorrelated variables
is given by,

Y=XV
y=[my2yml =V"x (9.10)

(Decorrelated Observation)
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Figure 9.7. PCA Representation: (a) Original data X, (b) uncorrelated data
Y, (c) scaled data Z, (d) de Hotelling’s T? statistic.

and it may be understood as a transformation operation over the
observation space X using V as rotation matrix to align its major axes to
those of as depicted in Figure 9.7 (b). A second scaling operation is carried
out to produce decorrelated variables with unity variance Z € R, as
presented in Figure 9.7 (c),

Z=XVA12
z=| L2 m A -2pTy (9.11)
N Sm

(Scaled Observation)
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Finally, the Hotelling’s 72 statistic may be computed for each
observation,

2 2 2
TZZZTZ or T2:y71+y72+...+y7m (912)
sl2 sg Srzn

Hence, the Hotelling’s T2 statistic is a scaled squared norm of an
observation vector and allows a scalar threshold to characterize the
variability of the data in the entire-dimensional observation space [8];
its behavior on the observation space may be observed in Figure 9.7 (d).

PCA as a dimensionality reduction technique divides the entire
observation space in two orthogonal subsets: a score subspace capturing
the main systematic variability and a residual space associated with random
noise. Order reduction is achieved by the application of any methodology or
rule such as percentage variance test, scree test, parallel analysis and Kaiser’s
rule. Authors have studied the fault detection performance and main results
points out that analysis parallel provides a superior outcome [9-11].

As a result, a subset of @ < m variables are selected yielding the
original eigenvalues and eigenvectors matrices to A, € R“*“and P e R™“
as follows,

A4 0 ... 0
0 4 ... 0
Ag=| . . . . (9.13)
0 0 ... A4
P=[VV,. V] (9.14)
Hence, the score T and E residual spaces are given by
t=Plx (9.15)
(Transformed uncorrelated Observation)
r=(-PP")x (9.16)
(Residual Observation)
Or
T=XP (9.17)
E=X-XPPT (9.18)
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The Hotelling’s T2 statistic is calculated as aforementioned based
on the score matrix derived on the order reduction step and the reduced
eigenvalues matrix.

The fault detection threshold for the Hotelling’s 72 static is given by

72 a(n—=1)(n+1)

a

Fy(an—a) (9.19)
n(n—a)

The residual space is monitored by the Q statistic, also known as the
squared prediction error, and may be computed from a residual observation,

O (SPE) = r'r (9.20)

The fault detection threshold for the squared prediction error is
determined by Jackson and Mudholkar [12] as follows,

1
hea20 | Galolio 1) |

Qa = 91 91 912

(9.21)

where,

I B

j=a+l1 36,

A flow diagram describing the main steps on the offline and online
PCA implementation is illustrated in Figure 9.8.

Offline | Online

A X
uto
S« Scaling
>~
‘L Xas
— X - v P
X S;:::S::I Auto Xas Co:\/naar:'ai:ce S Spectral Order o ChE
Sx i i A i
Extraction l Scaling Calculation [Pecompostion Reduction | A, Statistics
n
l a T Q
L] Alarm 1
ing" st n Threshold Threshold
Hotelling’s / SPE Statistics —> coimation Qq Comparison Alarm 2
Rotation Scaling Norm >
05 2,
y=xP | z=yA, T'=22
Residual Norm «
r=(1-PP)x Q=rr

Figure 9.8. PCA Operational flow diagram.
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9.2.2.2 Current Trends in Fault Detection Systems

Recent advances in data-driven methods focus on the development
of robust techniques to address two main issues: The lack of adaptability
of actual techniques to incorporate new available process states related to
unknown faults or aged operating conditions, and the addition of diagnosis
capabilities to the traditional statistical techniques (PCA, PLS, ICA, etc.)
primarily designed for fault detection purpose only.

Adaptive fault detection has been mainly addressed using pattern
recognition or clustering algorithms merged with traditional fault
detection techniques (See section 3) to include new faulty conditions, or
developing recursive schemes for traditional fault detection techniques to
properly update the statistical structure given a new operating condition
derived of slow dynamic trends related to aging. Jeng [13] and Li et al.
[14] developed recursive update techniques for PCA-based fault detection,
Portnoy et al. proposed an improved recursive update PCA-based fault
detection technique with less computational complexity [15], Zhang et al.
developed a recursive PCA based technique for adaptive fault detection
for multi-mode processes [16], and Zhang et al. developed a recursive
kernel PCA technique to include the time-varying and nonlinear process
features with less computational demand [17].

The large amount of available fault detection and diagnosis techniques
may rely on the fact that the performance of any method depends on the
particular process conditions and the type of information available for
these purposes. A recent trend on fault detection techniques is to integrate
two or more techniques to obtain a more robust hybrid solution capable of
overcome the individual limitations imposed by actual approaches.

Bin et al. [18] proposed a combination of PCA with a CUSUM
univariate chart to expand the PCA capabilities achieving more sensible
fault detection results over a Tennessee Eastman process and identifying
new faults otherwise not detected. Cheng and Liao [19] proposed a
technique combining artificial neural networks (ANN) and PCA developing
a ANN-based model that compute residuals when compared with actual
measurements and then feed a PCA-based strategy for fault detection and
diagnosis. Lau et al. [20] proposed the integration of multi-scale PCA
(MPCA) with an artificial neuro-fuzzy inference system (ANFIS) each
one responsible for fault detection and diagnosis respectively. Sun et al.
[21] proposed a combination of PCA with fault detection trees developing
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a solution capable of performing fault detection and diagnosis with less
training when compared to hybrid techniques using PCA and artificial
neural networks (ANN). Venkatasubramanian et al. [22] developed an
integrated hybrid framework including several techniques such as digraphs,
observers, trend analysis and some statistical classifiers methods.

Beyond the aforementioned challenges particularly related to data-
driven techniques, the major challenge in the process monitoring field
is to develop an artificial self-controlled intelligent control system to
assist human operators in this area, especially for fault identification and
diagnosis and it is viewed as the next milestone in control systems research
and its applications [2]. An Expert system is proposed as a specialized
scheme that codifies knowledge gathered highly trained operating
personnel with diagnosis capabilities over the domain of expertise to build
a robust rule-based database and an inference engine [4,8,23]. Although
it offers a transparent well supported explicit decision making process its
major drawbacks also relies on the inherent dependency on the quality of
the stored human expert knowledge, application-oriented implementation
and its constantly increasing complexity when new information is added
to the database and inference system [22].

Similar approaches are obtained with the implementation of artificial
neural networks schemes exclusively. The main difference is to use a lower-
level numerical model instead of a high-level logic model used by expert
systems [24] with an adaptable underlying trainable weight structure. Fault
detection and diagnosis ANN schemes ranges from one step multi-layer
models (traditional ANN) to neuro fuzzy schemes featuring specialized
networks for detection and diagnosis independently [25].

9.3 Recent Advances in Fault Detection for HVAC Systems

Heating, Ventilation and Air Conditioning System (HVAC) is
considered the principal energy consumer in commercial and residential
buildings. Usually, part of the energy is wasted due to improper design,
poor maintenance, non-optimal operating conditions, poor performance
of the control strategy and a complete or partial failure of its physical
components. Faults can represent 20% to 30% of the total energy waste
and may have other consequences such as inappropriate reference values
for system operation, equipment life expectancy reduction, user thermal
comfort reduction and poor indoor environmental quality. Fault detection
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and diagnosis (FDD) methods have the potential to provide effective
means to ensure more efficient and safe operation of HVAC systems [26—
28]. A research performed in UK buildings confirmed that 25% to 50% of
energy wasted is caused by faults in buildings HVAC systems. This range
could be reduced below 15% whenever those faults could be detected and
identified early before unacceptable damages occur.

Many researches have been conducted on fault detection and diagnosis
implemented in HVAC systems primarily focused on faults developed in
its physical components such as air handling units (AHU), variables air
volume boxes and chillers, and their control instrumentation (sensors and
valves) [29-31]. HVAC-oriented implementations may be divided in two
major trends: The first trend comprises researches using a single technique
and several examples are found in literature for both model-based and
data-driven methods [32—40] while the second trend comprises hybrid
methods combining two or more techniques from different approaches
to enhance the performance of FDD systems in terms of robustness and
efficiency, thus detecting and diagnosing a larger amount of faults with
higher accuracy in a less time [26,41-51].

In the last 5 years, a wide range of statistical and machine learning
techniques have been explored as a data driven methods for FDD in
buildings. In general, statistical process history-based methods are
preferred due to their dimensional reduction capabilities, the development
of a process model from data exclusively [52—-55] and their independency
of a prior expert knowledge for fault identification and diagnosis
depending only on the availability of classified training data. The use of
hybrid techniques enhances the performance of an individual diagnosis
approach in terms of robustness and efficiency. Table 9.1 summarizes the
FDD methods developed in the last 5 years.

Furthermore, the vast majority of FDD HVAC-oriented methods are
particularly developed to address the process monitoring activity of the
water loop or the air loop equipment individually and future strategies are
encouraged to analyze the overall system as a single unit. Air handling
Units and Chillers are considered the most important components in the
HVAC systems due to their energy consumption and the role maintaining
comfortable and productive indoor air quality conditions. Several researches
report advances in the development of FDD strategies in these components.

Najafi et al. [49] proposed a set of diagnostic algorithms for AHUSs
based on a comparative analysis between an online observed behavioral
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pattern with a set of predefined patterns extracted from different faults
to find the closest match. Their approach can be formulated as an
estimation of the posterior distribution of a Bayesian probabilistic model
demonstrating less model accuracy dependency and more flexibility to
measurement constraints.

Wen et al. [43] developed an hybrid fault detection strategy based on
PCA and Pattern Matching method for AHU avoiding any requirement
of priori knowledge and a minimal computer demand to implement the
operating system. Authors proposed a preliminary screening of historical
data to locate operation intervals that are similar to current operating
conditions based on a PCA similarity factor and distance similarity factor
estimating the degree of similarity between historical data window and
current snapshot data. In general, the use of pattern recognition methods
transforms a FDD problem into a classification problem as they extract the
patterns’ database from process data to create normal and faulty classes
and optimizing the final diagnosis stage.

Zhao et al. [50] developed a robust statistical FDD method combining
the EWMA chart with Support Vector Regression (SVR) models focused
on the detection of incipient low-magnitude faults located at chillers.
Their main idea is to create a benchmark reference model using SVR and
then calculate a set benchmark performance indexes; finally, the same
metrics are estimated for current process conditions and a set of residuals
are monitored using the EWMA control charts to detect the faults. To
extend detection capabilities to include fault diagnosis capabilities authors
proposed in the use Support Vector Data Description (SVDD) algorithm
[51]. The main idea is to find a minimum-volume hypersphere in a high
dimensional feature space to enclose most of the data of an individual
class and to transform the chiller FDD problem into a typical one-class
classification problem. The results show that the proposed strategy can
identify more than 90% data of their own classes to be inliers and also
reject data of other classes.

A similar approach is proposed by Wen et al. [44] using a hierarchical
kernel learning method instead of using traditional classification
methods such as Multi-class SVM, decision trees, Ada Boost, Quadratic
Discriminant Analysis or Logistic regression as these techniques ignore
the relationship among different faults in chillers. Authors proposed a
novel data-driven strategy that adopts structured labeling to include the
dependency information and describe the severity level in a large margin
learning framework.
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Similar to pattern matching techniques, the artificial neural networks
techniques have been used to improve the accuracy of fault detection and
diagnosis methods. Du et al. [48] merged an artificial neural network with
subtractive clustering analysis to detect abnormalities in a AHU. Authors
used the first technique to detect a faulty condition while the second is used
for fault diagnosis through adaptive classification. Authors also proposed
a fault library with common abnormalities such as a fixed return water
temperature sensor bias, fixed or drifting supply air temperature sensor
bias, a complete supply temperature sensor failure and chilled water valve
stiction.

Tran et al. [26] consider a chiller the main target for FDD in HVAC
systems as this equipment consumes the major part of the power, hence “a
highly effective approach” is necessary to improve its reliability. Authors
proposed a hybrid strategy based on a Radial Basis Function (RBF)
neural network, the Exponentially Weighted Moving Average (EWMA)
control charts and a rule-based diagnostic technique. Results show that the
proposed FDD strategy can effectively achieve a significant improvement
in accuracy and reliability.

Beghi etal. [41] proposed a fault detection and diagnosis algorithm for
HVAC water chillers employing a semi-supervised data-driven approach.
Their method uses principal component analysis (PCA) to distinguish
anomalies from normal operation variability and reconstruction-based
contribution techniques to isolate variables related to faults. The algorithm
performs the fault detection, fault identification, fault reconstruction and
fault diagnosis, assuming the occurrence of one fault per time in chiller
units.

9.4 Industrial and HVAC Applications of Fault Detection
Methods

The concern for increased availability of HVAC systems, reducing
operating time under sub-optimal conditions, and the increased concern
for energy efficiency and quality of service has led to an increase in
measured variables and user’s willingness to pay for more than just “a
working system”, understanding that the proper monitoring and service
strategy increase the system’s life span and reduces the overall operating
cost. This section discusses peripheral requirements and existing business
models for automated fault detection systems.
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9.4.1 Hardware/Software Requirements

The days of the lonely equipment are over. Even before the raise of
[oT (Internet of Things), major equipment manufacturers were concerned
about the system’s ability to allow remote or onsite monitoring and
performance analysis.

In HVAC systems, beyond the traditional sensor/transmitters,
actuators, control valves, and control computer or system CPU, typically
all of them in the field, the implementation of an automated fault detection
strategy would require:

* An industrial communication network, or field bus, linking the
system’s controller to a SCADA (Supervisory Control and Data
Acquisition), a DCS (Distributed Control System), or a local
network where monitoring stations (PCs or Workstations) are
connected. In HVAC systems BACnet has become the standard
data communication protocol, although most automation systems
allow for OPC connectivity,

* Aserver, running services and tasks, as well as an industrial data
base, where process information is stored and made available for
visualization, analysis and reporting,

*  Anetworked computer, commonly a PC with robust specifications,
where the operator’s HMI runs, commonly based on windows,
variables (or tags), scripts, and embedded code,

* A monitoring software, which could be from the HVAC system
manufacturer, or open SCADA-type software with OPC con-
nectivity to field controllers, and

* A software solution with the ability to carry the complex
mathematical calculations demanded by the automated fault
detection method, with connectivity to the industrial data base.

Most SCADA-type solutions (ISA 95 Level 2) will lack the embedded
ability to perform matrix operations, calculate statistical functions, or run
signal processing algorithms. In these cases, either a third-party solution is
used, or an embedded Visual C++ or VBA program must be linked. One of
the few SCADA-type solutions with enough intrinsic computational functions
is LabView ® DSC (from National Instruments), and most state-of-the-art
algorithms can be developed and embedded in this platform. DCS architectures
have a more robust framework, suitable for a wide array of numerical
calculations. In the past 10 years some DCS manufacturers have increased the
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array of mathematical functions available for engineering calculations, and
some advanced control software manufacturers, such as AspenTech, already
have products with PCA and multivariate statistical analysis capabilities. The
next section describes commercial solutions available for FDD by 2016, as
well as business models under which they are being offered.

9.4.2 Business Models and Commercial Solutions

The implementation of Building Automation Systems (BAS) to
provide automatic monitoring and control of building systems has
stimulated the development of fault detection and diagnosis commercial
software. These innovative solutions focus on the building’s energetic
efficiency, extended equipment life and performance, and maintenance
services reduction [71]. Their incremental popularity relies on the
effectiveness of these tools to monitor the HVAC components and
mitigate the negative impact of a fault eventuality.

FDD software uses the existing operational data sources (Building
Management & Control Systems (BEMS), Energy Management &
Control systems, wireless sensors, weather data, and smart meters) to
feed the underlying fault detection scheme such as rule-based inference
systems, a residual estimation analytic model or a data-driven statistical
model. Although any BEMS also provides a prismatic alarm approach to
monitor HVAC components, their identification and diagnosis capabilities
are very limited or nonexistent. The FDD software are capable to detect
and diagnose faults at a component level and a system level in real time
before they become an issue warranting such downtime [72], and some of
them may include data trend analysis to improve its detection capabilities.

Table 9.2 summarizes the FDD commercial software emerged over
the last years including its scope, the techniques used and its developer.
Mostly, available FDD software has an underlying detection structure
based on an expert rule system and a minority uses an artificial intelligence
or statistical modelling approach. FDD software is administered by the
developer under a subscription or a stand-alone license plan.

9.4.3  Review of Industrial and HVAC Implementations of FDD

A general overview of HVAC-oriented FDD researches indicates that
these studies are mainly conducted by software developers or government
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institutions using simulation platforms, experimental setups or using
historic recorded data from an outdated experimental setup, and a very
small group is based on real full-scale systems. This section presents a
brief description of some cases studies about the implementation of FDD
tools on large scale buildings.

e Advanced Automated HVAC Fault Detection and Diagnostics
Commercialization project.

In California, over 28% of the electricity used by commercial
buildings is consumed by HVAC systems and evidence suggest that at
least 10% of this energy is wasted due to problems in physical components
and control systems. The California Energy Commission’s Public Interest
Energy Research (PIER) supported the Advanced Automated HVAC Fault
Detection and Diagnostics Commercialization project pursuing strategic
alliances with manufacturers to develop more resistant and HVAC
equipment and advanced FDD methods for HVAC systems yielding
improvements and innovations for commercially available products.

Its third phase included the development of a robust FDD commercial
application using APAR and VPACC rule set adapted to eight locations: a
private office building, a large federal government office building, a private
office building with some light industrial spaces, a federal government
building with a combination of office and laboratory spaces, a large federal
government office building, a classroom building on a community college
campus, a museum building on a university campus, and a classroom and
office building on a community college campus. Faults such as mixed
air temperature sensor error, zone temperature sensor failure, incorrect
cooling coil valve actuator configuration, disconnected VAV box supply
air duct and AHU PID loop tuning error among others were detected and
diagnosed effectively [88,89].

¢ Crown Casino Melbourne

Crown Casino and Entertainment Complex is a large casino
located on the south bank of the Yarra River, in Melbourne, Australia.
SkySpark was implemented in these installations as a part of a
Building Optimization System program across the facility [90]. The
HVAC equipment system under study includes 600 AHU, 2300 fan
coil units, 27 chillers and 31 boilers. An algorithm containing a total
of 150 SkySpark rules was implemented across the facility to detect
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fault as failed dampers, VAV box failures, temperature set points not
being achieved, invalid occupancy readings from room control sensors,
heating and chilled water valves not closing or failed and pumps
hunting. All the faults were detected and diagnosed achieving a 6%
reduction in HVAC electrical consumption and 9% reduction in HVAC
gas consumption.

»  Fault Detection and Diagnosis in a commercial office building in
Newcastle, Australia.

An operational office building in Newcastle, Australia with four
floors, 15 zones and about 100 occupants was selected to study, detect
and diagnose faults in its HVAC system. The study was supported by
CSIRO Energy Transformed Flagship [91]. The faulty set comprised
actuator stiction of exhaust air damper, cooling coil valve and outside
air damper, heating coil valve and outside air damper leakage, fouling
on supply air filter and other return air fan and cooling coil valve control
faults. The FDD method implemented was based on the operational
faults modelling using statistical machine learning and information
theory computing probabilistic relationships between groups of points
during both normal and faulty operation. Results concluded a successful
operation of the developed tool as overall the faults were properly
detected and diagnosed.

» Palais des congres de Montréal, Montréal Canada

The Palais des congres de Montréal is one of the first buildings in
Canada to implement innovative continuous building optimization practices.
It has an area of 130.000 m?, a cooling capacity of 3.400 TR, a heating
capacity of 18.000 kW, a peak electrical demand of 6 MW, 325 AHU, 4.740
control points and ventilation air requirements of 200.000 L/s. to diagnose
any problem regard the building operation, the thermal comfort or the
indoor air quality more quickly, this convention center implemented a
fault detection and diagnose software (DABO™) based on 800 rules and
275 performance indices [92].

Based on daily analysis of individual components, 211 faults related
to leaking chilled water valves, defective or undersized humidifiers,
decalibrated sensors and unnecessary start-up of several HVAC systems
during unoccupied periods were detected between 2008 and 2009 yielding
a 25% energy savings.
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9.5 Challenges in FDD Application to Buildings and HVAC
Systems

Research referenced in Section 3 demonstrates significant progress in
methods and systems for automated fault detection and diagnosis in HVAC
applications, with an observable trend of increased preference for hybrid
methods. Nevertheless, there is ample opportunity for new approaches,
methods and technologies to be developed to better integrate FDD techniques
into HVAC systems and to increase their performance. This section reflects
the personal view of the authors regarding where these opportunities lie.

9.5.1 Technology Platforms Related Challenges

Significant progress has been made in control platforms and industrial
networks, as well as in reduction of sensor prices and availability.
However, we still find limitations for FDD originated by:

*  Most small-scale HVAC systems are designed to be stand-alone
units without the ability to communicate to hardware capable of
running FDD algorithms. Although the per-user cost impact is not
high, the aggregated effect of a huge number of isolated systems
running under sub-optimal conditions has a major economic impact
due to increased energy costs and the usually underestimated cost
of out-of-comfort zone working or living rooms (mostly due to
loss of productivity or health implications).

e Although the understanding of comfort in air-conditioned areas
has evolved to include variables such as air speed and mean
radiant temperature, in addition to the traditional temperature and
humidity, sensing for most HVAC systems still remains mostly
based on traditional dry-bulb temperature, with the occasional use of
hygrometers. In addition, and judging by sensor location, there seems
to be an across-the-board lack of concern for the “actual” user of the
system, because most measures are focused on equipment properties
or air-in-duct properties, rather than air-in-room properties, which
tend to be assumed as lumped or average properties, contrary to what
our experience as users dictates. From a FDD perspective this implies
that most fault models are developed to detect/diagnose mechanical
equipment failure, electronic equipment failure, or fluid in pipes or
ducts failure, rather than abnormal temperature distributions, flow
patterns, infiltrations, or loading conditions in the conditioned area.
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Fault detection and diagnosis algorithms are data intensive
techniques, highly dependent for modeling, development and
validation in historic data. Most users assume that the existence
of an industrial database linked to their SCADA architecture
guarantees the availability of relevant information. The true
nature of system’s operation is that the quality of stored data is
seldom monitored, becoming evident in the rare instances when
someone needs to use it. Frozen signals, missing values, or out-of-
range values, are not uncommon. If a steady-state FDD algorithm
is developed, the aforementioned events decrease the available
set of vectors for model building and validation. However, is a
dynamic FDD is being developed, this loss of information leads
to losses of full dynamic transitions between states, with a major
effect on false alarm rates if sufficient data is not made available.
Faultdetection and diagnosis algorithms tend to be computationally
intensive, especially when adaptation rules are integrated
to compensate for model aging or the appearance of a new
normal operating pattern. Hence, it is highly relevant to work in
computational complexity reduction of algorithms, to truly enable
more on-line intelligence for FDD and operator assistance.

9.5.2  Strategy or Approach Related Challenges

Although the technology platform is certainly a limiting factor on
how mathematically sophisticated and computationally intensive a fault
detection strategy can by, it is certainly not the only source of challenges in
FDD development and implementation. Some key identified challenges are:

Fault diagnosis requires a clear relationship between a set of
operation variables data (matrix) and the maintenance log. This
way data can be validated as truly corresponding to an abnormal
condition, and ideally, such condition is identified. However,
most maintenance logs make reference to the intervention time,
rather than faulty operation interval, limiting the ability to use past
events to build knowledge both in fault detection models, as well
as in fault diagnosis models.

As every system tends to be its own unique kind, an effective
FDD strategy requires the ability to adapt or learn beyond the
initial configuration. One of the key pursues in contemporary
research is the balance between supervised (assisted by operators
and service engineers) and unsupervised learning (performed by
embedded logic into the FDD strategy). The use of first principle
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models allows for a more natural adaptation, but their reliability
in complex settings and configurations increases the demand for a
formal approach to adaptation.

e The cost of operating under a faulty condition is not a simple,
deterministic issue. Although for HVAC systems most of the cost
analysis address increased energy consumption and reduction of
equipment life cycle, the cost of not satisfying appropriate comfort
settings, especially in commercial and household applications still
has plenty of room for improvement. How loss of comfort impacts
productivity and health should drive more implementation of FDD
systems in HVAC applications, and also promote the reconfiguration
of fault models based on the actual HVAC system user, rather than
the observed dominant perspective based on its operator.

9.6 Case Study Fault Detection System for a District Cooling
Systems

Application of automated fault detection method reveals as much
insight into a strategy as the formal mathematical analysis, but from a very
different perspective. Access to validated and filtered historic data, event
logs, and reliable sensor readings are necessary conditions for a successful
implementation. In this section we present a case study at Universidad del
Norte, Colombia, where the authors have been fortunate to have the support
from maintenance and design engineers, as well as system operators.

9.6.1 Process Layout and Specifications

A district cooling system (DCS) is a system that produces and distributes
thermal energy in form of chilled water from a central plant to a cluster of
buildings for use in air conditioning applications. It consists in three parts: The
central chiller plant, water distribution system and thermal consumers loop
(Figure 9.9). In the recent years these systems have been widely used because
a DCS offers massive cooling energy production with higher efficiency than
the conventional plants at individual buildings, and represents a low cost.
Furthermore, a district cooling system is financially beneficial for densely
populated urban areas, high density building clusters and industrial complexes.

This case study exposed the implementation of a FDD system in a
DCS, located in a tropical coastal city of Colombia. The weather is mainly
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Figure 9.9. District cooling system.

hot and humid. The DCS feeds chilled water to a cluster of educational
buildings where the thermal load varies along the day and the season of
the year. The centrifugal chiller plant has a cooling capacity of 500 TR.
The strategy is aimed to detect faults as cooling coil fouling and reduce
chilled water flow in one of the buildings which conform the DCS. Itis a
three story building with a cooling capacity of 50 TR.

The building has one air handling unit (AHU) per floor, each one
of these feed conditioned air to three classrooms with different thermal
loads. The implemented HVAC system uses variable air volume (VAV)
terminal boxes. It consists of the supply fans, the outdoor and recirculation
dampers, the air handling units (filters and cooling coil), VAV terminal
boxes and the local-loop controllers (Figure 9.10). The local loop
controller is formed by the supply air temperature control, the duct static
pressure at fan outlet control and the zone air temperature control. The
supply air temperature is controlled by manipulating the flow rate of
chilled water that enters the cooling coil. The duct static pressure at fan
outlet is maintained at its desired value by modulating the fan speed. The
zone air temperature is controlled by manipulating the VAV box damper
opening [31]. There is a main control loop located in the recirculation
pump that regulates the water pressure at its outlet by manipulating its
velocity.
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9.6.2 FDD Design and Features

A hybrid strategy for early fault detection and diagnosis in cooling
district systems is proposed based on unsupervised learning techniques,
and principal components analysis. The aim is to develop and implement a
novel online early fault detection strategy based on data driven approach,
capable to be more sensitive than conventional PCA method in the
detection of incipiently faults, like fouling in heat exchangers or ducts.

The techniques used in this research are: K-means clustering, and
Principal Components Analysis. These two techniques are combined to:
1) Identify the operating states of the cooling district and evaluate the fault
occurrence depending of its current operating state and 2) detect the fault
more early than conventional PCA method.

The strategy includes two processes: Offline model training and
online fault detection and diagnosis. In the offline model training process,
the patterns present in the fault free training data or normal operating data
set are recognized and put into clusters, the optimal number of clusters.
When the data set is divided in two or more groups with a logical pattern,
the possibility of increasing the sensitivity of the FDD method is greater
because the observations that do not correspond to this cluster could be
acting as noise or outliers. Then using PCA each cluster is statistically
characterized and its thresholds of Hotelling statistic 7> and Q statistic are
defined. The confidence level of fault detection method is equal to 95%. It
means 5% of fault free data are rejected as outliers.
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Figure 9.11. Structure of the proposed fault detection strategy.

In the online fault detection process, the belonging of each observation
is evaluated in each one of the clusters with PCA. If the 72 or Q statistic of
each observation exceeds the corresponding threshold in all the clusters,
the occurrence of a fault is considered and diagnosed. Figure 9.11 shows
the structure of the proposed strategy.

9.6.3 Implementation Results

To validate the capability of the developed strategy to be more sensitive
to the incipiently fault occurrence compared to Conventional PCA, a dynamic
model of the process described previously was developed using mass and
energy balances, and pressure equations in ducts and pipes. The dynamic
model takes into account the interaction of the thermal zones with the
environmental temperature, it means convection, conduction and radiation
phenomenon, the variation of the thermal load along the day and the presence
of the control loops to maintain the thermal comfort in the building.

There are 33 monitored variables in the system which are measured with
a sample time of 5 minutes (Table 9.3). The non-faulty historical data set
describes the performance of the DCS during 97 hours of operation, it means
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1166 observation of each one of the monitored variables. The first step in the
FDD proposed strategy is to identify how many clusters or system states are
in the non-faulty historical data set. Using a K-means clustering algorithm
two system states are recognized, a self-organizing map neighbor distances is
used as data visual aid to validate cluster classification (Figure 9.12).

For each one of these clusters, a 72 and a Q threshold is calculated,
using PCA (Table 9.4).

The ability of the proposed strategy to detect faults is assessed considering
the following two cases: Cooling coil fouling and reduced chilled water flow.
Both faults were induced in the system at a specific time after a period of
normal operation and were modeled as a ramp function with negative slope.
For each observation, the corresponding 7% and Q statistic is evaluated. It is
assumed that a violation of the respective threshold (calculated off-line) is a

12

10

Figure 9.12. Historical data set clusters classification.

Table 9.4. Statistics Thresholds.

Proposed Strategy

Thresholds
Cluster T? 0
System state 1 3.8609 25.0669
System state 2 3.8875 31.7608
Conventional PCA
Historical Data Set 3.8551 27.4146
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fault occurrence signal. The results of the proposed strategy are compared
to Conventional-PCA method, to identify the percentage of false alarms and
calculate how much time takes the fault detection with the improvements.
The Conventional PCA method refers to make the data dimensional reduction
in the complete data set, it means without cluster classification and create just
one threshold for each one of the statistics (Table 9.4).

a) Cooling Coil Fouling

Fouling is the accumulation of unwanted deposits on the surfaces of
heat exchangers. These deposits cause a resistance to the transfer of heat and
reduce the efficiency of the equipment. It is a common fault in HVAC systems
especially in air handling units because a fraction of the air that is going to
be cooled is extracted from the outside of the building and it could have
particulate material that could pass the filters and arrive to the heat exchanger
or blocked the air ducts causing pressure drops. This is an incipiently fault,
it means that it can take much time to be detected by an operator, but small
fractional performance degradations owing to fouling have the potential to
cause large energy consequences. The early detection of this fault allow to
reduce repair labor and parts, to increase the lifetime of equipment as heat
exchangers and fans, and to eliminate preventative maintenance services.

The fault was induced in the cooling coil of the AHU located in first
level of the building, 30 hours later of a normal operation state. It was
modeled using the heat transfers coefficient of the equipment as a ramp
function with a negative slope. In normal operation state, the equipment
has a capacity of 10.2 TR. Under faulty conditions the heat transfer
capacity decreases with a slope of 0.0012 TR, it means a reduction of
1%/h in the cooling capacity of the equipment. Figure 9.13 shows the
performance of the main affected variables related to the faulty AHU. It is
noticed the greater deviation of the performance of variables as supply air
temperature controller signal, chiller water volumetric flow and principal
pump pressure from their normal conditions. In the case of supply air
temperature sensor signal there are peaks later the fault occurrence
which do not fit to the normal performance of the variable. However,
the controller achieves to regulate them, during the simulated time, and
prevents the fault propagation in the overall system.

Figure 9.14 shows the performance of the proposed strategy and
conventional PCA method in the fault detection. The red line indicates the
T? and Q thresholds and the blue lines indicate the online performance of
each statistic. When blue lines exceed the red line, it indicates a possible
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fault occurrence. It is noticed that with conventional PCA method (black
line), the T statistic detects the fault 15 hours later than its occurrence (green
line) with a 1.48% of false alarms, and Q statistic detects the fault 11 hours
later than its occurrence with a 2.91% of false alarms. Although with the
proposed strategy, the 72 statistic and Q statistic detects the fault 6.5 hours
later than its occurrence, with 1.36% and 2.28% of false alarms, respectively.

b) Reduced Chilled Water Flow.

It is a common symptom of faults as water pump failure, water control
valve stuck or broken, leakage in water pipes or blocked pipes. Each one
of these faults are very important because can affect the thermal comfort
in the building and the lifetime of the overall system. In this case, the
symptom was induced in the chilled water flow of the AHU located in
third level of the building, 52 hours later of a normal operation state. It
was modeled multiplying the inlet flow coming from the water pump by a
ramp function with a negative slope. In normal operation state, the chilled
water flow is 68.8178m?3/h, whereas under faulty conditions, it decreases
with a slope of 1.2960m3/h, it means a reduction approximately of
1.8%/h. Figure 9.15 shows the performance of the main affected variables
related to the faulty AHU. It is noticed the deviation of the performance
of variables as supply air temperature controller signal and sensor signal
from their normal conditions. In the case of the first variable, it is noticed
the saturation of the valve at 95% CO. This situation coincides with the
deviation of the sensor signal.

Figure 9.16 shows the performance of the proposed strategy and
conventional PCA method in the fault detection. It is noticed that with
conventional PCA method, the 72 statistic detects the fault 10 hours later
than its occurrence with a 1% of false alarms and Q statistic detects the fault
3.5 hours later than its occurrence with a 2.39% of false alarile Although
with the proposed strategy, the T'? statistic detects the fault 8.5 hours later
than its occurrence and Q statistic detects the fault 1.5 hours later than its
occurrence, with 0.5% and 2.17% of false alarms respectively.

9.6.4 Conclusions and Recommendations

An online fault detection strategy for District Cooling Systems is
proposed based on a data driven approach, especially on the implementation
of pattern recognition techniques and principal components analysis. The
strategy differentiates from previous reported ones as it incorporates
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static grouping techniques to identify correlations and interactions
among measured variables during normal operational conditions. The
classification of data sets in clusters (patterns) is beneficial to the fault
detection process because it allows capturing more variability in the data
sets and reducing the number of missed detection events and false alarms.
The clustering step further tunes the outliers (atypical data) removal step
improving the diagnosis reliability. The proposed fault detection strategy
shows a superior performance with respect to Conventional-PCA. The
inherent ability of the strategy to classify operational states according to
performance patterns is especially useful because the observations that
do not correspond to each cluster could be acting as noise or outliers and
delay the detection.

9.7 Conclusions and Future Works

Although much progress has been made in design and architecture
of HVAC systems, the constant need for reducing energy consumption,
detect faults before they have propagated through the system, and better
supervision of the distributed infrastructure system is an ever ongoing
effort. This chapter has presented a broad array of approaches that are
being taken both in industry and research to address these needs. Based
on the above sections we may conclude that:

* FEarly fault detection strategies, either data-driven or model-
driven, provide a useful approach for monitoring and supervision
of large HVAC systems (building scale or district scale), leading
to energy savings and shorter detection times compared to human
supervision.

e Itis very common in HVAC systems, due to their cyclical nature,
to find patterns of operation. When such variability is integrated
into a single model it leads to a larger detection limit, hence
detection times are increased. A patter-recognition layer leads
to several normal OC models (one for each pattern), improving
the system’s sensitivity to changes without inducing a significant
increase in false alarm rates.

e Fault diagnosis should be a target but major limitations arise
from fixed-structure algorithms unable to “learn” from previous
experiences or limited by inaccuracy or vagueness in maintenance
logs. The design of the FDD system is as critical as its operation,
as it must be a target to continuously enhance the knowledge base
or the model base upon which the system operates.
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10 Modeling Building Air Conditioning
Energy Consumption in Dense
Urban Environments

Jorge E. Gonzalez, Yehisson Tibana, Luis Ortiz, and Estatio Gutierrez

Abstract

Dense urban environments are exposed to the combined effects of rising
global temperatures and urban heat islands, a thermal gradient between the
urban centers and the less urbanized surroundings suburbs. This combination
results in increasing energy demands in cities, associated mostly to air
conditioning, to maintain indoor human comfort conditions. Cities are
becoming denser as population from rural areas is migrating towards urban
centers worldwide. Given the anticipated increased of energy demands from
cities in the future, it is imperative to develop new methodologies to quantify
energy demands from buildings in very dense urban environments.

10.1 Chapter Summary

The purpose of this chapter is to precisely present a methodology
to quantify thermal loads of buildings located in very dense urban
environment taking of New York City as case study. To quantify thermal
loads of buildings for this city; a single building energy model (SBEM),
the US Department of Energy EnergyPlus™, and an urbanized weather
forecasting model (uWRF) coupled to a building energy model are used.
The SBEM is driven by Typical Meteorological Year (TMY') weather file
and by a customized weather file built from uWRF’s weather data for
the specific days of the heat wave in July 2010. A series of simulations
were conducted with the SBEM software to model building energy
consumption data due to air conditioning for two locations in Uptown
and Midtown Manhattan, NY, which represented a low density and a high
density building area within the city. Assumptions were made regarding
the building’s floor plans and operation schedule to simplify the model
and provide a close comparison to uWRF.

Results of the ensemble of SBEM indicate there is an increase in
energy demand during the July 2010 heat-wave with uWRF weather
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generated data when compared with the Central Park TMY case. The
uptown location consumed 52% more energy during the heat wave event,
whereas the midtown location showed an increased in energy demand of
65% when compared with a typical July three day period, reaching total
peak loads of close to 14000 kW for a 75 m height building. Comparison of
the results directly from uWREF for the energy demand for same locations,
indicate that for the midtown location the SBEMs underestimated the total
energy demand at a 57% difference. This may be due to the fact that uWRF
energy model takes into account urban microclimate parameters, such as
anthropogenic sources and waste heat interactions between surrounding
buildings.

10.2 Introduction

The electrical energy consumption from commercial and residential
buildings during summer periods in subtropical climates, and year round
in tropical climates, is mostly associated to the use of air conditioning
to maintain indoor human comfort conditions. It was estimated by the
Energy Information Administration (EIA) that about 11% of total U.S.
electricity consumption was used for cooling by the residential and
commercial sectors in 2011 [1]. The energy demand in cities is further
magnified during extreme heat events. The frequency of these heat waves
is projected to increase over the 21st century [2, 3] as well as its duration,
and severity [4-7].

Coupled with higher temperatures of summer seasons, the urban
heat island (UHI) effect present in dense urbanized regions creates a
significant additional source of heat. The main contributing factors to
the UHI are changes in the physical characteristics of the surface such
as albedo, thermal capacity, and heat conductivity, due to replacement of
vegetation by asphalt and concrete; decrease of surface moisture available
for evapotranspiration; anthropogenic heat; and changes in the radiative
fluxes and in the near surface flow, due to the complex geometry of
streets and tall buildings. Denser sections of a city can experience higher
temperatures, up to 4°C warmer [8-9] as seen in Figures 10.1 and 10.2.
Several studies have reported UHI as a local environmental impact such
as cases in Atlanta, Georgia [10], Sacramento, California [11], San Juan,
Puerto Rico [12], and Houston, Texas [13]. Gedzelman et al. [14] found
that around New York City, the urban-rural temperature difference is
greatest on clear nights with low humidity throughout the troposphere and
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Figure 10.1. Urban Heat Island Profile [24].

Estimated Land Surface Temgerature i“Ci

30 32 34 36 38 40 42 44

Figure 10.2. Example of UHI for New York City of San Juan, Puerto Rico.
Thermal gradients urban-rural are as high as 10°C. (Taken from NASA/
Landsat Sensor as reported in Cox et al.).

gentle northwest winds and it is strongly reduced by sea breezes and back
door cold fronts during spring and summer. In this area, wind speed has
strongly declined over the century due to the increase of building heights
intensifying the UHI [15]. Table 10.1 summarizes urban heat island
intensities for various cities in the U.S. and around the world.
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Table 10.1. Urban Heat Island Intensities for Various Cities.

City Summer UHI Intensity (‘C)
New York 3.5-5.5[15]

Atlanta 2.5-5.0[10]
Phoenix 9.4-12.9[16]
Mexico City 1.0-7.8 [17]

Beijing —1.59 to 5.34 [18]

In addition to the higher temperatures experienced in cities, global
warming may further influence energy demand during the summer period
in cities. Recent studies show energy demand will increase by 15% for
cooling of buildings over the 21st century [19], and summer loads will
increase by 10% for most building in the United States [20]. Table 10.2
displays US National and regional studies of cooling energy demands
change over the century due to increasing temperatures. In short, the high
temperatures during summers in dense urban areas may result in significant
increases of energy consumption to a point where the electrical grid may
be at risk. Therefore, it is imperative to develop accurate methodologies to
quantify energy demands from buildings in very dense urban environments.

The relevance of this topic is increasingly growing as population
migration trends are to move urban areas. According to the 2010 US
census, 80.7% of the US populations are living within urban areas [21]
and as of 2012, 52.6% of the world’s populations lived in urban zones;
this has seen an average annual growth of 2.1% in the last ten years [22].
Moreover, accurate quantification of energy consumption can reduce
power outages and potentially lessen the extreme heat related deaths in
these environments which have been shown to increase in U.S. cities [23].

The main purpose of this chapter is to quantify thermal loads of buildings
located in the very dense urban environment using New York City during
a summer season (2010) as a case study to illustrate the need for new
developments to quantify energy demands in very dense urban environments.

10.3 Case Study Sites

Two New York City locations are considered for the analysis: a low
density uptown Manhattan area as seen in Figures 10.4, and the high-
density midtown site in Figure 10.5. The uptown location is a mix of
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Figure 10.3. Locations of study. Shaded area denotes New York County,
which is mostly comprised of Manhattan.

Figure 10.4. Uptown Manhattan. Coordinates: 40.822631, —73.951367
Source: Google Earth.

mid-rise residential buildings and commercial sites. The Midtown location
is a more urbanized area with high-rise residential and commercial
buildings. The urban fraction of the midtown zone is nearly one. In
contrast, the uptown area has a greater visible amount of urban vegetation.
Temperature differences between both locations are shown in Figure 10.6.
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Figure 10.5. Midtown Manhattan Coordinates: 40.759302, —73.969148
Source: Google Earth.

10.4 Description of the Summer 2010 Heat Wave Event

We choose a heat wave event to better illustrate the differences between
city scale and single building energy models. A heat wave is a prolonged
period of temperatures considered abnormally high for a particular area.
The National Weather Service (NWS) declares heat watches and warnings
on a region when the daytime heat index, an expression that combines
temperature and relative humidity [31], is greater than or equal to 40.6°C
(105°F), with nighttime lows greater than or equal to 26.7°C (80°F), for
at least two consecutive days [32]. In the summer heat wave of 2006,
the high temperatures caused power outages in several areas including
Queens, New York [8]. Several studies have found that the duration,
severity, and frequency of heat waves may increase by the end of the
century as consequence of global warming. The number of heat waves
days is projected to double in the Los Angeles area [4], and Quadruple in
Chicago [5]. Heat wave severity is expected to increase with a temperature
greater than 3°C in the western and southern regions of the United States
[3]. Other models show a heat wave frequency increase of 36% and
duration of individual events by 27% [2].

The 2010 July heat wave took place after persistent anticyclonic
conditions predominated the North East region. The peak of the heat event
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Figure 10.6. NYCMetNet observations during heat wave event.

was characterized by an intense high pressure system over the east coast
and part of the ocean that induced a weak westerly wind that advected warm
air into the area. Following the trajectory of the upper level subtropical
ridge, the surface high showed a westward movement dissipating by the
end of July 8, 2010.

Mean observed hourly surface temperature values for the heat
event in New York City in July 4 to 8, 2010, were measured from the
ground network of stations referred as NYCMetNet!. Maximum surface
temperatures exceeding 32°C were recorded with the highest temperature
registered by NYCMetNet stations reaching 39.4°C in Manhattan on
July 6th at 1500 ET (Figure 10.6). The heat index time series obtained
from observations showed maximum index of 107, 119, and 112°F and
minimum values of 85, 87, and 83°F for three consecutive days in clear
correspondence with the NWS service heat wave definition?. The UHI
was recorded at a maximum of 4°C in the night and a magnitude of 2°C
during the hottest day [33]. Figure 10.6 also shows the validation of the
urbanized weather model for the same two locations, this will be discussed
later in the chapter.

! http://nycmetnet.ccny.cuny.edu/
2 http://www.nws.noaa.gov/os/heat/index.shtml
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10.5 Methodology for Case Study

The approach used to model thermal loads of buildings for the
duration of the heat wave is a single building energy model (SBEM)
using US Department of Energy EnergyPlus™, and an urbanized weather
forecasting model coupled to a building energy model (uWRF). The SBEM
software was driven by Typical Meteorological Year (TMY) weather file
and by a customized weather file built from uWREF’s weather data for the
specific days of the heat wave.

10.5.1 City Scale Model-uWRF

uWRF is a mesoscale numerical weather prediction system coupled
to a multilayer urban parameterization [34]. The urban model is composed
of a Building Energy Parameterization (BEP) and Building Energy Model
(BEM) as described in Salamanca and Martilli [35] and Martili et al. [36].
BEP accounts for impacts from horizontal and vertical building surfaces in
the momentum, heat, and turbulent kinetic energy equations. On the other
hand, BEM, for each building floor, considers the diffusion of heat through
walls, roofs and floor; natural ventilation; radiation exchange between
indoor surfaces; generations of heat due to occupants and equipment,
and the energy consumption due to air conditioning (AC) systems. Both
BEP and BEM work together, along with the uWRF dynamical core
(Figure 10.7) to predict urban weather and energy demands.

BEM

Vertical Levels in BEP

1U+1 Im

LI
U

1U-1

BEP + BEM

Figure 10.7. UWRF’s BEP and BEM.
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10.5.2 Building Energy Parameterization (BEP)

BEP included in WRF version 3.1 accounts for impacts from ground
surfaces, as well as from horizontal and vertical building surfaces in the
prognostic momentum, heat, and turbulent kinetic energy (TKE) equations
[34].

These equations, in Reynolds averaged form, are defined as follows:

Momentum:

opU; —oP opUU; opuw 6 G
= - — —p—g6i3 2652 (U —U;”)+ Dy,
ot ox; axj axj P 6, 803 ijk ]( k k ) ui

(10.1)

Where U (as well as u and w) represent flow velocities, p is the air
density, 6, is the reference state potential temperature, 6’ is the change
of the actual potential temperature from the base reference state, g is the
gravitational constant, Q2 is the angular velocity of the earth’s rotation,
U{ is the geostrophic wind, and D,,; are the forces due to the solid-fluid
interactions.

Energy:

o R
ape — _apeUi _ 6pw9 + Dy _1(})0 )Cp ORpwave ,
o oy oz C, oz

10.2

P (10.2)

Here, P, is the reference pressure of the system (1000 hPa), R is the

gas constant of air, C, is the specific heat at constant pressure of air, Rpyqye

is the longwave radiation, and Dy is the sensible heat flux from solid
surfaces to the fluid.

Air Humidity:

OpH _ —0pHU; _dpwh .

Dy, 103
or ox; o, " (103)

Here, H is the absolute humidity of air, /4 is the turbulent fluctuation of
humidity, and Dy, is the latent heat flux from the solid surfaces.
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Turbulent Kinetic Energy:

R 2 2
OpE _—0pUiE 8pew+pKZ KaUx) +(6Uy) }

ot Ox; Oz Oz Oz
3
00 £
g vy = 10.4
_ K. %% _ hC +Dg, (10.4)
0, o ey TE

Finally, here £ is the turbulent kinetic energy, and its turbulent
fluctuation is e. K is the vertical diffusion coefficient, and C,, and [,
are model parameters, and Dy is the source of turbulent kinetic energy
due to solid-fluid interactions. Although traditional approaches confine
momentum sinks to the surface, BEP distributes the sinks to different
vertical levels within the PBL. Urban grid cells are assumed to have
of an array of buildings of the same width located at the same distance
from each other, but with different heights. The D* terms in equations
10.1-10.4 represents the combined fluxes to the presence of buildings and
background fluxes (from non-building sources) for each variable and are
computed as

Faﬁ +Fa;/
Dy, = (10.5)
Vl

where V! is the grid cell air volume, and F and F}? are average fluxes
from buildings’ vertical and horizontal surfaces, respectively.

10.5.3 Building Energy Model (BEM)

The Building Energy Model [35] estimates indoor temperature evolution
due to change in the total sensible heat and latent loads. Consequently, BEM
calculates the amount of heat (H,,, and E,,,) per floor that has to be extracted
or added to maintain indoor temperature at a target value. The removed heat
load excess is released on each floor level as sensible heat having a direct
impact on air temperature. The system discharges small amounts of latent
heat to the atmosphere produced by human metabolism inside the building.
BEM is coupled with BEP and it was incorporated in WRF in version 3.2.
Room temperature and moisture change with time are defined by:
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oqy.
PV = B Eou (10.6)

Where heat (H;,) and humidity (£;,) sources are calculated as follows:

Hin = Z AiWind hwind,j (Twind,j - Tr) + AiWind hwind,j (Twall,j - Tr) (107)
J

+(1=B)CppVa(T, =T, )+ Arqr + Ar Popqys,

En=(-=-B)IpVilqy, — qv,) + ArPopqn, (10.8)

Here, Opis the total heat capacity, V' is the total volume of air inside
the building, A4; is the building surface area, A, is the external heat
transfer coefficient, f is the thermal efficiency of the heat exchanger, V,
is the total ventilation rate, / is the latent heat of evaporation, ¢ is the
equipment sensible heat gain, ¢ is the ratio of hourly occupants to peak
occupancy, ¢ is the sensible heat gain from occupancy, gy is the specific
humidity of air (indoor and outdoor), and gy, is the occupancy latent heat.
The 2010 heat wave simulations using uWRF were conducted and reported
in a previous study by Gutierrez et al. [33] showing excellent agreement
with surface weather observations. The building parameters used in such
simulation and for this study are listed in Table 10.3. Martilli et al. [36] and
Salamanca and Martilli [35] conducted extensive validation simulations,
and available in their respective publications. Detailed validation of
BEM was performed by Salamanca and Martilli [37] using data collected
during a measurement campaign in Basel, Switzerland. BEM is shown
to improve the model results when compared to air conditioning demand
observations.

uWREF utilizes Primary Land Use Tax Lot Output (PLUTO), created
by the Department of City Planning. PLUTO is used to derive several of
the necessary urban morphology parameters for NY: the mean building
height, height histograms, gross area, garage floor area, total surface
area, building width, among others. Adaptation of the model for use in
other cities requires this data, either from publicly available databases
or from observational studies. Projects, such as the World Urban
Database and Access Portal Tools (WUDAPT) [38—-39], have developed
methodologies that incorporate satellite and local observations to
derive urban parameters. The building height distributions for both grid
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Table 10.3. uWRF Building Parameters for locations.

Building Parameter Midtown Uptown
Shape Square Square
Floor Area | 13469 m?> | 580.8 m?
Street Width (SW) 52.4m 54.7m
Building Width (BW) | 36.7m | 24.1m
Urban Fraction (UF) 0.95 0.85
Zones | 1/floor | 1/floor
Cooling System DX Cooling Coil DX Cooling Coil
Cooling COP | 3.5 | 3.5
Thermal Conductivity 0.67 W/m-K 0.67 W/m-K
of Walls, Ceiling
Equipment gain | 26 W/m? | 20 W/m?
People gain 0.05 W/m? 0.025 W/m?
Window Fraction 33% 33%

locations are shown in Figure 10.8. A sample distribution for the grids is
shown in Figure 10.9.

To accurately compare the SBEM solutions to uWREF, the simulations
were conducted for each building height shown in Figure 10.8. The BEM
component of uWRF computes the air conditioning energy demand for
each floor as follows:

\SensibleHeat|+|Latentheat|
COP

Eﬂoor = (109)

The sensible and latent heat is the energy that needs to be removed to meet
the target temperature and humidity. This energy consumption is equivalent

Midtown Uptown
45 + 35
40 30
35 -
w -
& 30- 2 25 I
£ 254 5 20
H 3 I
= 20+ 5 15
5 @
@ 15- 11l.,
% 10
® 10 = 5 IRl
S 4
0 0 IW-\IVIW \IVIW-\ T T T IIW \.I
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 5 1015 20 25 30 35 40 45 50 55 60 65 70 75
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Figure 10.8. Building height distribution of a 1-km grid from PLUTO.
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Figure 10.9. 1 km grid building height distribution for NYC.

to the AC compressor work calculated in the SBEMs. To represent the total
consumption in each grid, the sum of consumption for all floors and for each
building is multiplied by the probability of that type of building, in Figure
10.8, times a scaling factor to link the urban and the meso-scales:

Erptal = ETotal,i + Meso * Eﬂoor *PB (1010)
Where
Meso = or (10.11)
2% (BW +SW)* BW

Where, UF is the urban fraction within the grid, BW and SW are the
building and street widths, respectively, and PB is the building height
probability.

Energy demand for cooling for the 1 km grid is reported as W/m?. The
SBEM results for all building heights were scaled to match uWRF grid
results by calculating total energy demand for all buildings. The previously
listed equations were used in the process.

10.5.4  Single Building Energy Model-EnergyPlus™

EnergyPlus™ is an energy analysis and thermal load simulation developed
by the US Department of Energy as a tool intended for analyzing energy
dynamics of single buildings and useful for the design and sizing of HVAC
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equipment [40]. This SBEM simulates the thermal zones, the air handling
systems, and the central plant equipment simultaneously. Simulations involve
the numerical computation of heat and moisture (mass) balance equations that
describes the building components. Figure 10.10, display the heat sources that
a typical SBEM software such as EnergyPlus™ takes into account.

Energy Plus is also able to incorporate the effects of shadows created
by the surfaces of the building due to the changing position of the Sun. If
an external surface is created, shadow effects are also applied as well as
radiation reflectance from these external surfaces.

The model used for both uptown and midtown locations are a three-
floor building with a floor area of 1346.9 m? and 580.8 m?, respectively
(Figure 10.11). External surfaces are modeled to simulate adjacent building
shadow and radiation reflectance.

All building heights (Figure 10.8) simulations are accomplished with
this simple three floor model. To reproduce the number of floors, the middle
floor (thermal zone) is multiplied. A separate model was used to simulate
the one floor and two floor building. The parameters of the model are
chosen to match uWRF’s (Table 10.3) as close as possible. Assumptions
were made regarding the building’s floor plans and operation schedule to
simplify the model and provide a closer comparison to uWRF. Each floor

——

————————y a ; 1 2
7 f i

(/1 |/
s s

+ Direct, diffuse, and reflected solar radiation
+Longwave thermal radiation from enviroment e
+Convective exchange with air e

+Conduction heat flux into wall

+Radiation from internal sources =

+Radiation from other zones

Figure 10.10. Typical SBEM energy sources interaction.
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Figure 10.11. EnergyPlus™ Model.

is taken as a single thermal zone. Thermal set points were set to closely
imitate a 24 hour always on schedule.

10.6 Results and Discussion

Custom weather files were developed for each location in New
York City for the 3-day heat wave event from uWRF outputs. They
contained accurate temperature, humidity, wind magnitude and direction,
and solar radiation profiles for each location using data produced from
uWRF weather outputs. Results for the location of uptown and midtown
Manhattan temperatures obtained from uWRF weather outputs data are
compared with TMY records and shown in Figure 10.12. The uWRF
output exhibits higher temperatures for both the Midtown and Uptown
locations. These higher temperatures more closely match the observed
values at various locations in New York City, as shown in Figure 10.6.
The closest temperatures are obtained from an airport weather station
6 miles away from midtown.

This is a substantial temperature difference, bearing in mind that SBEM
are driven primarily by TMY weather files, which are statistical construct
of typical weather for a given time of the year in a location [41]. Although
TMY data is designed to capture some of the variability, the nature of
using historical data prevents it from capturing extreme events such as the
heat wave used in this study. Figure 10.13 displays the relative humidity
comparison between the Manhattan’s TMY weather file and weather data
from the heat wave. Data from a typical year weather file overstimates the
humidity experienced during this extreme weather period.
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Figure 10. 12. uWRF Modeled and TMY Air Temperatures during heat wave
at midtown and uptown locations.
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Figure 10.13. uWRF and TMY Relative Humidity during heat wave at
midtown and uptown locations.

Analysis of the energy consumption for cooling during the 2010
heat wave conducted with uWRF [33], showing higher values in both
midtown and downtown areas of Manhattan (Figure 10.14). This is in
agreement with higher urban density of the location and higher building
heights.
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Figure 10.14 Dark roof AC energy consumption simulation on July 6, 2010
15ET [33].

Figure 10.15 displays the total energy demand simulated in EnergyPlus™,
for the heat wave event using both TMY and uWRF customized weather
files for different locations in New York City. The analysis was conducted
on a 75 meters height building with the same parameters listed in Table
10.3. The figure shows that the midtown location exhibited the greatest
consumption with 9812 kWh. The plot emphasizes the differences of the
single building energy model output when using customized weather files
instead of TMY weather files. The TMY files use average weather data
collected from previous average years from nearby locations, whereas
uWRF produces weather outputs specific to the location and days.
From the total demand we may note that the weather data clearly varies,
producing different TMY results. The lowest consumption at 1800 kWh
is derived from Central Park TMY weather file which happens to be the
closest location to the area of study and the most probable chosen weather
file for a typical SBEM analysis of a Manhattan building.
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Figure 10.15. Total energy demand from A/C during the 3-day heat wave.
Custom weather File vs TMY for 75 m High Building using EnergyPlus™.,

Figure 10.16 show comparisons between the energy consumption
for the SBEM and uWRF for Midtown and Uptown, New York City,
respectively. For uptown (Figure 10.17), the total energy demand per
meter square results in a 10.8 % difference when compared to uWRF.
Through the day the results closely parallel each other. Overall there seems
to be agreement between the two approaches. In the midtown simulations,
however, EnergyPlus™ significantly underestimated the HVAC electrical
demand per square meter at a startling 56.9% lower total demand. The
atmospheric mesoscale modeled estimated midtown entire electrical
energy demand to be 2372.9 W/m? through the heat wave event.

The major difference between the SBEM and uWRF is that the
SBEM fails to accurately estimate the energy consumption in a dense
urban location as seen in the case of midtown Manhattan. The single
building model do not consider the urban microclimate effects such as
canyon and UHI effects experienced in a dense location. Some sources
of anthropogenic heat are also not taken into account in SBEM that
may influence the energy exchange between the urban environment
and individual buildings. Sources of anthropogenic heat include human
metabolism heat emission by vehicles and buildings that are taken into
account by the urbanized weather model [42—43]. SBEM only considers
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Figure 10.16. SBEM vs. uWRF for Midtown, New York during the heat wave
event.

the human heat loads in the heat balance calculations (Figure 10.9).
It is estimated that buildings contribute over 60% of the total urban
anthropogenic heat [44]. Heat interactions between buildings specifically
waste heat from AC equipment into the environment can be significant
[45] and are not accounted for in TMY weather files or by SBEMs.
Therefore, it is safe to assume that uWRF is more accurate in predicting
the effects of microclimate conditions on energy consumptions in very
dense environments. This can be seen in Figure 10.16, as the densest
location (midtown) is shown to demand more energy than the SBEM
results. For a less dense area such as uptown the two models, more or
less, produce similar results as seen in Figure 10.16.
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Figure 10.17. SBEM sensitivity analysis using energy plus for Midtown, New
York.

Sensitivity analyses were conducted for the SBEMs in Midtown, New
York City using various building parameters to achieve simulations with
similar energy consumption results to uWRF. These parametric studies
involved changes to the COP of the cooling systems, large office building
thermostat set points, and large office building occupation. The parametric
studies for EnergyPlus™ can be seen in Figure 10.17.

10.7 Conclusions and Future Work

Temperature rises due to global warming, added to the urban heat
island present in dense cities is resulting in increasing trends of energy
consumption in cities. This energy consumption from buildings during
summer times is mostly associated with the use of air conditioning to
maintain indoor human comfort conditions. The energy demand is further
magnified during extreme heat events. Given the forecasted increased
frequency of extreme heat events for the future, it is imperative to develop
methodologies to quantify energy demands from buildings in dense urban
areas, particularly during extreme heat events. Energy models that take
into account microclimate effects, such as uWRF, need to be implemented
in the energy analysis and design efforts of dense urban locations. These
models could prove to be more accurate in estimating energy demand and
its associated cost.
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Our future goals are the following: (1) conduct a similar analysis for
a full year for New York City; (2) Validate the electrical energy demand
results from uWRF with actual data from New York’s utility companies
and building owners, and (3) extend this city-scale energy analysis for
other cities worldwide.

Acknowledgments

Funding for this research was provided by US The Department of
Education — Earth Science and Environmental Sustainability Graduate
Initiative Grant P031M105066 and by The National Oceanic and
Atmospheric Administration — Cooperative Remote Sensing Science
and Technology Center (NOAA-CREST). NOAA CREST — Cooperative
Agreement No: NA11SEC481000.

Nomenclature

BEM — Building Energy Model

BEP — Building Energy Parameterization

BW — Buildings Width (m)

COP — Coefficient of Performance

E — Energy Consumption (W/m?)

PB — Building Height Probability (%)

SBEM — Single Building Energy Model

SW — Street Width (m)

TMY — Typical Meteorological Year weather file
UF — Urban Fraction

uWRF — Urbanized Weather Forecasting Model
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working pairs, 392-397; see also
Working pairs
working principle, 385, 388-392
TES systems, sensibility and latency,
348-385
air conditioning, 349-358
ceiling board, PCM, 357, 3571,
358
ceilings, PCM, 366, 367
chilled water storage/aquifers,
349-352, 350f, 351f, 352t
CHP and, 370-375, 371f, 372f,
373t, 374f
classification, 348, 349f
floor heating, PCM, 366, 367f
for heating, 358-367
heat pumps and, 367-370, 368f,
369f
hot water tank/aquifers, 358-361,
358f, 360f
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integration literature summary,
building with, 375-379,
376t-378t
latent TES with PCMs, 352, 353—
354, 364-365; see also Phase
change materials (PCMs)
materials, 379-383; see also
Materials, for sensible/latent
TES
mathematical modeling of
storage system, 383, 384385,
386t-387t
PCMs, 352-355, 357-358,
364-367; see also Phase change
materials (PCMs)
rock and brick reservoir, 361-364,
362f, 363f
solar shading, PCM for, 354, 355,
356f, 357, 357t
wallboards, PCM, 365, 366f
Energy system integration (ESI),
335-345
challenges, 336-337
challenges and solutions, building
level, 337-341
overcurrent protection, 337f, 338,
339
sizing, 337, 338
voltage regulation, 338f, 339
wear-and-tear on reactive power
compensation equipment,
340-341, 340f
challenges and solutions, grid-level,
342-343
synchronization of generation
equipment, 342-343
voltage stability, 342
challenges and solutions, substation-
level, 341-342
network protectors in systems,
341-342
RE on local substation, 341
net metering policies, 335-336
utilities, electrical generation
systems, 343-345

allocating costs and investment,
344-345
ramp-rates and spinning reserve,
343-344
EQUEST, 83
Error transfer function, 197
ESI, see Energy system integration
(ESI)
Ethernet local area networks, 209
Evacuated tube collectors, 326-327,
334-335
Evaporative cooling, direct/indirect,
158-162; see also Passive cooling
design considerations, 160—162
performance, 159-160
principle, 158-159
Evaporative cooling systems, 143
Expert controls, 202; see also
Intelligent control systems
Exponentially Weighted Moving
Average (EWMA) control charts,
440, 441

F
Facility loads, 190
Fanger comfort model, 232, 233, 234
Fatty acid, as PCM, 353
Fault detection and diagnosis (FDD),
automated, 421-464
alarm management, 421-424
PMM, 424, 425f
process/system fault definition,
422-423,423f
application, challenges in, 450—452
strategy/approach related, 451-452
classification, 424, 425-436
current trends, 435-436
most commonly used methods,
427-429, 428f, 429f
overview, 424, 425
PCA, 430-434, 432f, 434f
traditional alarm management,
prismatic approach, 425-427, 426f
for DCS, case study
design and features, 454455, 455f
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implementation results, 455461,
456t, 4571, 457t, 4591, 460f
process layout and specifications,
452-453, 4531, 454f
for district cooling systems, case
study, 452-464
industrial and HVAC applications,
441-449
business models and commercial
solutions, 443
commercial software, 443,
4441447t
hardware/software requirements,
442443
implementations, review of, 443,
448-449
recent advances, 436441, 438t—439t
design and features, 454455, 455f
implementation results, 455-461
cooling coil fouling, 457, 458, 461,
459f, 460f
historical data set clusters
classification, 457, 457f
monitored variables, 455, 456t
recommendations, 461, 464
reduced chilled water flow, 457,
461, 462f, 463f
statistics thresholds, 457, 457t
process layout and specifications,
452-453, 4531, 454f
Fault detection system for district
cooling systems (case study),
452-464
FDD, see Fault detection and
diagnosis (FDD)
FDD CX, 447t
Feasibility analysis, CCHP systems,
279-283
cost analysis, 282, 283t
detailed electricity and natural gas
usage, 280, 280t
electric and natural gas costs, 281, 283t
electric output, 281, 281t
heat output, 281, 282t
Features, FDD, 454-455, 455f

Feedback control system, 192
Feed-forward networks, 244
Field interface devices (FID), 205, 206
Fins, defined, 308
Fire marshals, 298
Fire-tube boilers, 115
First Solar, 297
Flat-plate collectors, glazed, 326, 332t
Floor heating, PCM, 366, 367f
Footers, concrete, 298
Fouling, cooling coil, 457, 458, 461,
4591, 460f
Fourier’s law of heat conduction, 28
Fuel cells, chemical reaction in,
254-255
Fuel oil, 112
Furnaces, 110-124
electric heat pumps, 120-121
electric resistance heating, 119
low-temperature radiant heating
systems, 121-124
Fusion heat, of PCMs, 379, 380f
Fuzzy control, 202; see also Intelligent
control systems

G
Gas-to-liquid heat exchangers, 264
Gaussian Process (GP) emulator, 87—88
Gauss-Jordan Matrix Solver, 41
Generator—Absorber heat eXchange
(GAX), 265
Glazed flat plate collectors, 326, 332t
Grid-connected PV system, 300-301,
300f, 305, 305f
Grid-level challenges and solutions,
342-343
synchronization of generation
equipment, 342-343
voltage stability, 342
Ground-coupled heat transfer, 229f

H

Hardware requirement, industrial and
HVAC application, 442-443

Harry Thomason’s technique, 361, 362f
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Heat exchanger materials, 134
Heat flux modulation techniques, 229
Heat generation and transfer
equipment, 109-124
furnaces and boilers, 110-124
introduction, 109—110
Heat pumps, TES and, 367-370, 368f,
369f
Heat rates, 115
Heat recovery, CCHP systems, 254,
261, 262-264, 263t
Heat recovery steam generator
(HRSG), 258
Heat recovery unit (HRU), 255
Heat rejection equipment, 101-105
Heat transfer concepts, 24-30
transient heat transfer from building
envelope, 26-30
Heat transfer enhancement methods,
383, 384f
Heat wave event (summer 2010), 481,
482
Heating Degree Days (HDD), 316
Heating energy
savings, 234
use, 231
Heating, TES for, 358-367
hot water tank/aquifers, 358361,
358f, 360f
PCMs
ceilings, 366, 367
floor heating, 366, 367f
latent TES with, 364-365, 364f, 365f
wallboards, 365, 366f
rock and brick reservoir, 361-364,
362f, 363f
Heating, ventilation and air
conditioning (HVAC) systems,
automated FDD in, see Fault
detection and diagnosis (FDD)
Helmbholtz equation, 35-36
Hierarchical kernel learning method,
440
High efficiency system integration,
127-133

chiller water loops and VAV systems,
127-133
High temperature conditions (HTC), 297
Hittle, 42
Horizontal furnaces, 112
Hot water heat TES systems, 373374,
374f
Hot water tank/aquifers, sensible TES
with, 358-361, 358f, 360f
Hotelling 77 statistics, 431432, 432f,
433,434,454
Houghton Hall Office Building in
Luton, UK, 179-180
Humidification, 162
HVAC equipment operation
cooling/heating central plant
optimization, 234-236
demand controlled ventilation
(DCV), 225-228, 228t
outdoor air intake controls, 221-225,
223t-224t
radiant slab heating systems, 228—
234,234t
HVAC mechanical systems, 133-135
heat exchanger materials, 134
supervisory control systems, 133—134
surface enhancing heat transfer,
134-135
HVAC system
control systems used in, 202
optimal start of, 218221
sensors used for, 191t
with thermal storage
neural network controls of, 243-246
passive/active thermal energy
storage systems, 240243
precooling of building thermal
mass, 236239
Hybrid ventilation, 153-154
Hydraulic systems, 203

I

IBM TRIRIGA Energy Optimization,
446t

Ice storage system, 242
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Identification, fault, 424, 425f
IES-VE, 313
Implementations, industrial and
HVAC, 443, 448449
Indoor air quality (IAQ), 207, 221,
225
Industrial and HVAC applications,
fault detection methods, 441-449
business models and commercial
solutions, 443
commercial software, 443, 444t—447t
hardware/software requirements,
442443
implementations, review of, 443,
448-449
Industrial heat pumps, 121
Institute of Electrical and Electronics
Engineers (IEEE), Standard 1547,
340-341, 345
Integral gain constant, 200
derivative control, 200
Integrated building automation system
(IBAS), 189, 204
Integrated-collector-storage collectors,
330
Integrated/Sustainable Building
Equipment and Systems (ISBES)
Initiative, 2
Integration
literature summary, TES, 375-379,
376t-378t
solar energy systems, see Solar
energy systems
Intelligent control systems; see also
Control strategies
about, 201
artificial neural networks, 202
expert controls, 202
fuzzy control, 202
Interconnection Requirement Study,
336
International Electrotechnical
Commission (IEC) standard, 297
International Energy Agency (IEA),
347

Inverters, dual mode, 301

Investment, utilities’ electrical
generation systems, 344-345

I-v curve, of PV cell, 295-296, 295f

J
Journal of Solar Energy Engineering,
2

K

Kathabar, 107-108

K-means clustering algorithm, 457,
457f

L
LabView, 442
Laplace transform, 193-194
Latency, TES, 348-385
air conditioning, building, 349-358
chilled water storage/aquifers,
349-352, 350f, 351f, 352t
PCM ceiling board, 357, 3571, 358
PCM for solar shading, 354, 355,
356f, 357, 357t
PCMs, 352, 353-354, 353f, 354,
355f, 355t
CHP and, 370-375
CCHP system, diagram of, 371,
372f
general layout, 370, 371f
hot water heat TES systems,
373-374, 374f
performance of CCHP plant, 372,
373t
classification, 348, 349f
for heating, 358-367
hot water tank/aquifers, 358-361,
358f, 360f
PCM ceilings, 366, 367
PCM floor heating, 366, 367f
with PCMs, 364365, 364f, 365f
PCM wallboards, 365, 366f
rock and brick reservoir, 361-364,
362f, 363f

512



heat pumps and, 367-370, 368f, 369f
materials, 379-383
heat transfer enhancement methods,
383, 384f
main features, 382, 382t
PCM for TES systems, comparison,
383, 383t
PCMs, classification of, 379, 379f
PCMs, melting temperature and
fusion heat, 379, 380f
sensible storage concepts, 380-381,
381t
mathematical modeling of storage
system, 383, 384-385, 386t—387t
TES integration literature summary,
building with, 375-379, 376t-378t
Lawrence Berkeley National
Laboratory (LBNL), 83
Lighting energy use savings, 216
Lightshelves, defined, 309
Limitations, for FDD, 450451
Liquefied propane gas (LPG), 112
Liquid desiccant air conditioners
(LDAC:s), 269
Lithium chloride, 107
Load anticipation, 190
Load duration curve (LDC)
for data centers
cooling, 274-275, 275f
electric, 274, 274f
two-dimensional, 275-276, 275f,
276f
sizing and evaluating building
electric power, 273f, 274, 274f
Load tracking, 190
Local substation, RE on, 341
Losses, thermal, 328
Low irradiance conditions (LIC), 297
Low temperature conditions (LTC),
297

M
Materials
for sensible/latent TES, PCMs,
379-383

classification of, 379, 379f
comparison, 383, 383t
heat transfer enhancement methods,
383, 384f
main features, 382, 382t
melting temperature and fusion
heat, 379, 380f
sensible storage concepts, 380-381,
381t
in solar water heating systems, 329,
330
Mathematical modeling, of storage
system, 383, 384385, 386t-387t
Mean air temperature (MAT), 229, 232
Mean radiant temperature (MRT), 229
Measurement and verification (M&V)
of energy savings, 78
Mechanical cooling equipment, 100
Mechanical draft towers, 103
Melting temperature, of PCMs, 379,
380f
Methodology for case study, air
conditioning energy consumption,
483-490
BEM, 485-488, 4871, 487t, 488f
BEP, 484485
SBEM, EnergyPlus™, 488-490,
489f, 490f
uWRF, city scale model, 483, 483f
Micro-inverters, 301
Mitalas, 42
Modeling
building air conditioning energy
consumption, see Air conditioning
energy consumption
mathematical, of storage system,
383, 384-385, 386t-387t
Modules, defined, 294
Montreal Protocol, 96
Motor duty cycling controls, 211-213;
see also Electrical systems
Multi-level switching controls, 309
Multiple boilers, control for, 235
Multiple chillers control, 235; see also
Chillers

513



Multiplexer (MUX), 206
Multi-scale PCA (MPCA), 435

N
National Electrical Manufacturers
Association (NEMA), 211
National Weather Service (NWS),
481
Natural gas, 258
Natural ventilation, 147-154; see also
Passive cooling
design considerations, 150-154
performance, 148—150
principle, 147-148
Net metering
defined, 335
policies, 336
PV for, 336
Neural network controls, 243-246
Neurons, 202
Night cooling, 143
Night cooling with thermal mass,
154-157; see also Passive cooling
design considerations, 155-157
performance, 154—155
principle, 154
NN-based optimal controller, 244,
245, 245f
Nominal operating cell temperature
(NOCT), 297, 304
NREL Chemical Storage Facility,
323-324, 324f
NYCMetNet, 482, 482f

0]
Offline model training, 454

One-zone controls of carbon-di-oxide,

228
Online FDD, 454
Open loop systems, 192
OpenStudio, 313
Operating differential, 198
Operation, CCHP (case studies),
271-279
Operative temperature (OT), 229

Optimal daylighting controller, 216
Outdoor air flow, 227
Outdoor air intake controls, 221-225,
223t-224t
Overcurrent protection, on electrical
service, 337f, 338, 339
Overhangs
defined, 308
window, 315

P
PACRAT, 447t
Palais des congrés de Montréal, 449
Panoptix Continuous Diagnostic
Advisor, 444t
Parabolic-trough collectors, 327-328
Paraffin
organic heat storage materials, 382
wax, as PCM, 353
Parallel duty cycling, 212
Parameter change
disturbance, 422
process, 422
Passive cooling, 142—143
case studies, 179-184
direct/indirect evaporative cooling,
158-162
double skin facade, 168—173
natural ventilation, 147-154
night cooling with thermal mass,
154-157
overview, 143—-145
phase change material, 173—-179
prescreening feasibility, 145147
Sunspace, 165-168
Trombe Wall, 162—-165
Passive design strategies, 6, 8
Passive solar heating, 143—144,
313-319
computer tools for, 319
direct gain, 315-316, 317f
equations for, 318
sunspace, 316, 317f
Trombe Wall, 316, 317f
window overhang, 315
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Passive systems, solar water heating
systems, 330
Passive thermal energy storage
systems, 240-243
Pattern matching method, 440
PCMs, see Phase change materials
(PCMs)
Penetration limits, defined, 336
Performance, of CCHP plant, 372,
373t
Performance improvement, sorption
TES system, 397-407
absorption, 397-399, 398f
adsorption, 399400, 400f
prototypes and systems, 400—407
adsorption TES test facility,
403-404, 405f
closed H,0/CaCl,, 400, 403, 403f
H,O/silica gel, 403, 404f
H,0/13X zeolite, 405, 406f
recent achievements, 400,
401t-402t
solar sorption pilot plant, 406, 406f
Phase change materials (PCMs),
173-179; see also Passive cooling
ceiling board, 357, 3571, 358
ceilings, 366, 367
classification of, 379, 379f
design considerations, 177-179
floor heating, 366, 367f
latent heat of, 315
latent TES with, 352, 353-354,
364-365
cross-sectional view of heat storage
tank, 364f
cumulative energy saving, 355t
free cooling systems, 355f
paraffin wax, 365f
schematic diagram, 353f
thermal storage systems,
comparison, 354t
melting temperature and fusion heat,
379, 380f
performance, 174177
principle, 173-174

for solar shading, 354, 355, 356f,
357, 357t
Stefan problem for, 383, 384
TES units, 374
wallboards, 365, 366f
Photo-sensor system, 216, 217f
Photovoltaics (PVs), 292-305
BIPV, 299
cadmium telluride, 296297
cells, equivalent circuit diagram, 294,
295f
effect, 292
grid-connected, 300-301, 300f, 305,
305f
IEC standard, 297
initial, operation and maintenance
costs, 303t
i-v curve, 295-296, 295f
roof racks, 298
short-circuit operating current, 294
solar insolation, map of, 292, 293f
solar resource, map of, 292-294, 293f
wear-and-tear on reactive power
compensation equipment, 340—
341, 340f
Pierce two-node model, 233, 234
Piles, 298
Pitot-tube array station, 222
Plenum, defined, 322
Plenum pressure control, 225
Pneumatic devices, 202
Policies, net metering, 336
Polycarbonate, 365
Polymer electrolyte membrane fuel
cells (PEFC/PEMFC), 258
Polynomial transfer function, 48
Porosity, defined, 320
Power combustion furnaces, 112
Power generation unit (PGU), 254, 255
Power-to-heat ratio, defined, 370
Pre-cooling control strategy, 237-238,
237f
Pre-cooling energy savings, 239t
Precooling of building thermal mass,
236-239

515



Predicted mean vote (PMV), 232
Predicted mean vote modified by
effective temperature (PMVET), 233
Predictive control strategy, 243
Preheating, ventilation air, see Solar
ventilation air preheating
Primary land use tax lot output
(PLUTO), 486, 487f
Prime movers, for CCHP system:s,
254, 260261, 260f, 262t
Principal component analysis (PCA)
ANN and, 435
fault detection method, 430434,
432f, 434f
FDD design and feature, 454—455,
455¢
MPCA, 435
operational flow diagram, 434, 434f
Prismatic approach, traditional alarm
management, 425-427, 426f
Prismatic regions, defined, 426
Process monitoring method (PMM),
424, 425¢
Process parameter change, 422
Proportional control system, 199-200
Proportional gain constant, 199
Proportional-plus-integral control (PI
control), 200
Proportional-plus-integral-plus
derivative (PID) control, 200, 201f,
226,228
Propylene glycol, 331, 332
Protectors, in network systems,
341-342
Protocol implementation conformance
statement (PICS), 210
Prototypes, sorption TES system,
400-407
adsorption TES test facility, 403—
404, 405f
closed H,0O/CaCl,, 400, 403, 403f
H,Orsilica gel, 403, 404f
H,0/13X zeolite, 405, 406f
recent achievements, 400, 401t—402t
solar sorption pilot plant, 406, 406f

PRRMSE indicators, 88

Public Interest Energy Research
(PIER), 448

Public Utilities Commission (PUC),
336

PVs, see Photovoltaics (PVs)

Q

Qualitative model-based methods,
FDD, 428-429, 428f

Quantitative model-based methods,
FDD, 427-429, 429f

R

Racks, roof, 298

Radial Basis Function (RBF) neural
network, 441

Radiant gains, 328

Radiant slab heating systems, 228—
234,234t

Radiant systems, 121-124

Ramp-rates, 343-344

RC thermal network technique,
67-69

Reactive power compensation
equipment, 340-341, 340f

Recent trends, in FDD methods,
436-441, 438t-439t

Reciprocating engines, 258, 261

Recovery time, 219

Reduced chilled water flow, 457, 461,
462f, 463f

Regeneration process, 98, 268

Regression analysis, 219

Renewable energy (RE) systems

advantages, 291
electric service to building with

overcurrent protection, 337f, 338, 339

sizing, 337, 338
voltage regulation, 338f, 339
on local substation, 341
Requirements
hardware/software, industrial and
HVAC application, 442-443
TES, 270-271
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Resources, solar, 292-294, 293f

Results, air conditioning energy
consumption, 490—495, 491f, 492f,
493f, 494f, 495f

RETScreen, 279

Reynolds averaged form, defined, 484

RMI Headquarters Building: Amory
Lovins Uber Solar Home in
Colorado, US, 180, 182—-184

Rock and brick reservoir, 361-364,
362f, 363f

Roof racks, 298

Rotor angle stability, defined, 342

S
Salt hydrates, 382
Saturation enthalpy, 108—109
SBEM, see Single building energy
model (SBEM)
SCIwatch®, 445t
Screws, 298
Secondary systems, 124—127
fresh air ventilation rates, 126—127
Sensibility, TES, 348-385
air conditioning, building, 349-358
chilled water storage/aquifers,
349-352, 350f, 351f, 352t
PCM ceiling board, 357, 3571, 358
PCM for solar shading, 354, 355,
356f, 357, 357t
PCMs, 352, 353-354, 3531, 354t,
3551, 355t
CHP and, 370-375
CCHP system, diagram of, 371,
372f
general layout, 370, 371f
hot water heat TES systems,
373-374, 374f
performance of CCHP plant, 372,
373t
TES integration literature summary,
building with, 375-379, 376t-378t
classification, 348, 349f
ESD of, 385
for heating, 358-367

hot water tank/aquifers, 358361,
358f, 360f
PCM ceilings, 366, 367
PCM floor heating, 366, 367f
PCM wallboards, 365, 366f
rock and brick reservoir, 361-364,
362f, 363f
heat pumps and, 367-370, 368f, 369f
materials, 379-383
heat transfer enhancement methods,
383, 384f
main features, 382, 382t
PCM for TES systems, comparison,
383, 383t
PCMs, classification of, 379, 379f
PCMs, melting temperature and
fusion heat, 379, 380f
sensible storage concepts, 380-381,
381t
mathematical modeling of storage
system, 383, 384-385, 386t—-387t
Sensors, 191
Shaft energy, 254
Shockley, William, 294, 295
Short-circuit operating current, of PV
module, 294
Sick Building Syndrome (SBS), 140,
149-150
Silica gel, water and, 394, 403, 404f
Single building energy model (SBEM)
AC compressor work in, 488
energy consumption for, 493
Energy Plus, 489
energy sources interaction, 489f
ensemble of, 475-476
sensitivity analysis, 493, 495f
solutions to uWREF, 487
thermal zones, 489
by TMY weather file, 475, 490, 494
using US Department of Energy,
483
uWREF vs., 493, 494f
Single chiller control, 235
Single-effect (1E) absorption chillers,
264-265, 265f, 371
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Sizing
of electrical service to building, 337,
338
options, CCHP (case studies),
271-279
SkySpark, 444t, 448
Software requirement, industrial and
HVAC application, 442443
Sol-air temperature, 71-72
Solar energy systems, integration of,
291-345
cooling load avoidance, 313-319,
317
daylighting, 305-313, 312f
ESI, 335-345
allocating costs and investment,
344-345
building level challenges and
solutions, 337-341; see also
Building level challenges and
solutions
challenges, 336-337
grid-level challenges and solutions,
342-343
net metering policies, 335-336
ramp-rates and spinning reserve,
343-344
substation-level challenges and
solutions, 341-342
utilities, electrical generation
systems, 343345
overview, 291-292
passive solar heating, 313-319
computer tools for, 319
direct gain, 315-316, 317f
equations for, 318
sunspace, 316, 317f
Trombe Wall, 316, 317f
window overhang, 315
photovoltaics, 292-305

grid-connected, 300-301, 3001, 305,
305f

IEC standard, 297

initial, operation and maintenance
costs, 303t

i-v curve, 295-296, 295f

roof racks, 298

short-circuit operating current, 294

solar insolation, map of, 292, 293f

solar resource, map of, 292-294, 293f

ventilation air preheating, 319-324

applications, 320

components, 321, 322f

costs, 319, 320, 323t

maintenance requirements, 319

NREL Chemical Storage Facility,
323-324, 324f

potential energy delivery, map of,
319, 320f

transpired solar collector and bypass
damper, 323, 324f

water heating systems, 324335

active systems, 331, 331f

collectors, types, 324-335, 325f

costs, 332t, 333, 334-335

efficiency curves, 329, 329f

evacuated tubes, 326327, 334-335,
334f

glazed flat plate collectors, 326,
332t

integrated-collector-storage
collectors, 330

materials and components, 329,
330

parabolic-trough collectors,
327-328

passive systems, 330

SRCC, 328-329

unglazed collector, low temperature,
325-326, 330, 332t

BIPV, 299

cadmium telluride, 296297

cells, equivalent circuit diagram,
294, 295f

effect, 292

Solar heat gain coefficient (SHGC),
308,314

Solar insolation, map of, 292, 293f

Solar Rating & Certification
Corporation (SRCC), 328-329
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Solar resource, map of, 292-294, 293f
Solar shading, PCMs for, 354, 355,
356f, 357, 357t
Solar ventilation air preheating,
319-324
applications, 320
components, 321, 322f
cost, 319, 320
initial cost, operation and
maintenance cost, 323t
maintenance requirements, 319
NREL Chemical Storage Facility,
323-324, 324f
potential energy delivery, map of,
319, 320f
transpired solar collector and bypass
damper, 323, 324f
Solar water heating (SWH) systems,
PCM-charged, 364-365, 364f, 365f
Solid desiccant A/C technology,
268-269
Solid oxide fuel cells (SOFC), 258
Solutions
building level challenges and, ESI,
337-341
overcurrent protection, 337f, 338, 339
sizing, 337, 338
voltage regulation, 338f, 339
wear-and-tear on reactive power
compensation equipment,
340-341, 340f
substation-level challenges, ESI
grid-level, 342343
network protectors in systems,
341-342
RE on local substation, 341
Sorption TES system for buildings,
385, 388407
performance improvement, 397—
407
absorption, 397-399, 398f
adsorption, 399—400, 400f
prototypes and systems, 400-407,
401t-402t, 4031, 404f, 405f,
406f

working pairs, 392-397
absorption, 393-394, 395t
adsorption, 394, 396-397, 396f, 397f
ESD, comparison of, 392, 393f
working principle, 385, 388-392
absorption, 385, 388-389, 388f
adsorption, 389-392, 390f, 391f,
392f
Southwest Gas Corporation (SWG),
281
Spherical geometry, models for, 385,
386t-387t
Spinning reserve, 343-344
Squared prediction error, defined, 434
Stack ventilation, 151, 152
Staggered duty cycling, 212
Standalone solid desiccant A/C
technology, 268-269
Standard, IEC, 297
Standard test conditions (STC), 297
Steel boilers, 115
Stefan-Boltzmann equation, 123
Stefan problem, for PCMs, 383, 384
Stephenson, 42
Storage-priority control strategy, 240
Strategy/approach related challenges,
FDD application, 451-452
String inverters, 301
Substation-level challenges and
solutions, ESI
network protectors in systems,
341-342
RE on local substation, 341
Summer 2010 heat wave event, 481,
482
Sun Shot program, 134
SunPower, 297
Sunspace, 165-168; see also Passive
cooling
design considerations, 167-168
passive solar heating strategy, 316,
317
performance, 166—167
principle, 165-166
temperature of, 316
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Supervisory control and data
acquisition (SCADA), 442
Supervisory control systems, 133—134
Supervisory controllers; see also
Control strategies
communication protocol, 209-210
components of EMCS, 204-206
design considerations of EMCS,
207-209
functions of ECMS, 206207
Support vector data description
(SVDD) algorithm, 440
Support vector regression (SVR)
models, 440
Surface enhancing heat transfer,
134-135
Switching controls, 309
System(s)
controls, CCHP (case studies),
271-279
sorption TES, 400—407
adsorption TES test facility,
403-404, 405f
closed H,0/CaCl,, 400, 403, 403f
H,O/silica gel, 403, 404f
H,0/13X zeolite, 405, 406f
recent achievements, 400, 401t-402t
solar sorption pilot plant, 406, 406f

T
Temperature-modulation control, 229
Temperatures
solar water heating system, 331-332
unglazed collector, 330, 332t
Tennessee Eastman process, 435
TES, see Thermal energy storage (TES)
Thermal comfort, 232, 233
Thermal energy storage (TES)
applications, 348
defined, 348
requirements/benefits, 270-271
sensibility and latency, 348385
air conditioning, 349-358
ceiling board, PCM, 357, 3571, 358
ceilings, PCM, 366, 367

chilled water storage/aquifers,
349-352, 350f, 351f, 352t
CHP and, 370-375, 371f, 372f,
373t, 374f
classification, 348, 349f
floor heating, PCM, 366, 367f
for heating, 358-367
heat pumps and, 367-370, 368f, 369f
hot water tank/aquifers, 358-361,
358f, 360f
integration literature summary,
building with, 375-379,
376t-378t
latent TES with PCMs, 352, 353—
354, 364-365; see also Phase
change materials (PCMs)
materials, 379-383; see also
Materials, for sensible/latent TES
mathematical modeling of storage
system, 383, 384-385, 386t-387t
PCMs, 352-355, 357-358,
364-367; see also Phase change
materials (PCMs)
rock and brick reservoir, 361-364,
362f, 363f
solar shading, PCM for, 354, 355,
356f, 357, 357t
wallboards, PCM, 365, 366f
sorption TES system for buildings,
385, 388-407
performance improvement, 397-407
working pairs, 392-397
working principle, 385, 388-392
Thermal energy storage (TES) systems
active and passive systems, 240243
neural network controls of, 243-246
Thermal losses, 328
Thermally activated cooling systems,
264-269
absorption and vapor-compression
chillers, 265-266, 266t, 267
category, 264
ejector heat pump cycle, 269, 270f
single-effect (1E) absorption cycle,
264-265, 265f
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solid desiccant A/C technology,
268-269
standalone liquid desiccant A/C, 269
Thermal mass, 154, 157
Thermal sensation vote (TSV), 233
Thermocline, 358
Three phase cycle discharging method,
398f, 399
Topping cycle, CCHP systems, 271
Traditional alarm management,
prismatic approach, 425427, 426f
Trane Intelligent Services, 445t
Transfer function, 194, 197f
Transient building envelope energy
analysis, 30-59
conduction transfer function (CTF)
methods, 41-44
finite difference methods, 31-34
frequency-domain regression (FDR)
method, 45-53
interzone temperature profile
estimation (ITPE) techniques,
34-41
response factors, 53—59
Transient System Simulation Program
(TRNSYS) modeling, 364
Triethylene glycol, 107
Trigeneration, defined, 252
TRNSYS, 42, 76, 85
Trombe Wall, 162—-165, 316, 317f;
see also Passive cooling
design considerations, 164—165
performance, 163—164
principle, 162-163
Turbulent kinetic energy, 485
Two-position control system, 198—199
Two-zone controls of carbon-di-oxide,
228
Typical Meteorological Year (TMY),
319, 483, 490, 491f, 492

U

Unglazed collector, low temperature,
325-326, 330, 332t

Upflow furnace, 111

Urban heat island (UHI) effect,
476477, 4771, 478t
Urbanized weather forecasting model
(uWRF)
building parameters for locations,
486-487, 487t
city scale model, 483, 483f
PLUTO and, 486
SBEM vs., 493, 494f
TMY and, 492
weather outputs, 490, 491f
Utilities, electrical generation systems,
343-345
allocating costs and investment,
344-345
ramp-rates and spinning reserve,
343-344
UWREF, see Urbanized weather
forecasting model (uWRF)

\%

Vapor-compression chillers, 266, 266t

Variable air volume (VAV), 221, 225

Variable air volume (VAV) systems
and chiller water loops, 127—-133

energy recovery systems, 132—133

Variable air volume (VAV) terminal
boxes, 453

Ventilation, 125

Ventilation air, preheating, see Solar
ventilation air preheating

Visible light transmittance (VLT), 308

VisualDOE, 83

Voltage regulation, on electric service
to building with RE, 338f, 339

Voltage stability, of electric grid, 342

w
Wallboards, PCM, 365, 366f
Water heating systems, solar, 324-335
active systems, 331, 331f
collectors, types, 324-335, 325f
evacuated tube, 326327
glazed flat plate collectors, 326,
332t
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integrated-collector-storage
collectors, 330
parabolic-trough collectors,
327-328
unglazed collector, low temperature,
325-326, 330, 332t
costs, 332t, 333, 334-335
efficiency curves, 329, 329f
evacuated tube, 334-335, 334f
materials and components, 329, 330
passive systems, 330
SRCC, 328-329
Water tank, hot water, 358-361, 358f,
360f
Water/ammonia (NH,/H,0), 98
Water/LiBr absorption chillers, 266
Water/lithium-bromide (H20O/LiBr),
98
Water-tube boilers, 115
Wear-and-tear on reactive power
compensation equipment, 340-341,
340f
Web-bulb depression efficiency
(WBDE), 159-160
Whole-building energy models, 76-89
forward modeling methods, 81-86
inverse modeling methods, 77-81
meta-modeling approach, 86—89

Wind-driven natural ventilation, 143,
150-151
Working pairs, sorption TES system,
392-397
absorption, 393-394, 395t
adsorption, 394, 396-397, 396f, 397f
silica gel and water, 394
zeolites and water, 394, 396-397,
396f, 397f
ESD, comparison of, 392, 393f
Working principle, of sorption TES
system, 385, 388392
absorption, 385, 388-389, 388f
adsorption, 389-392, 390f, 391f,
392f
World urban database and access
portal tools (WUDAPT), 486
Wright, Frank Lloyd, 307

Z

Zeolites, water and, 394, 396-397,
396f, 3971, 405, 406f

Zero-input response, 43

Zion National Park Visitor Center, 152
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