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Abstract

The demand for energy is increasing at an unexpected rate all over the world. Most of the
present worldwide energy usage is based on fossil fuel and results in continuous
depletion of this resource. Conventional Heating Ventilation and Air conditioning
(HVAC) cooling systems are the dominant source of power consumption. These systems
have some problems such as low performance, high emissions, and high costs. So, more
economically and environmentally friendly HVAC systems are desired which can
provide the required power while saving energy and having high performance and low
emissions to the environment. In this thesis, fuel cells and solar collectors are integrated
with absorption cooling systems for sustainable development. This thesis examines the
Coefficient of Performance (COP) and/or overall efficiency of a Proton Exchange
Membrane Fuel Cell (PEMFC), Flat Plate Solar Collector (FPSC), Parabolic Trough
Solar Collector (PTSC), and Photovoltaic-Thermal Collector (PV/T) integrated with
Double Effect and Triple Effect Absorption Systems (DEAS and TEAS) to produce 10
kW of cooling capacity. A computer program is developed using Engineering Equation
Solver (EES) software. The software is used to obtain all required thermodynamic
properties of a water-lithium bromide (H,O/LiBr) solution and to carry out detailed
energy and exergy analyses for each integrated system. The analyses show that the
PEMFC system integrated with DEAS results in the highest COP. This is followed by the
PV/T integrated with TEAS. The maximum energetic and exergetic COPs obtained for
PEMFC integrated with DEAS are 2.70 and 2.30, respectively, while those obtained for
PVI/T integrated with TEAS are 2.32 and 2.06, respectively. However, the integration of
PEMFC, PTSC, and PV/T with DEAS results in improved COP where the maximum
energetic and exergetic COPs obtained are 2.94 and 2.50, respectively. Thus, this hybrid
system is considered to be the optimum design from the performance point of view. This
research provides a new interpretation of how alternative energy is utilized in operating
HVAC cooling systems and presents a new insight into the most sustainable integrated
systems that can be applied in residential and commercial buildings in the UAE.

Search Terms: HVAC, PEM Fuel Cell, Flat Plate Solar Collector, Parabolic Trough
Solar Collector, PV/T, Double Effect, Triple Effect
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Chapter 1 Introduction

Most of the present worldwide energy usage is based on conventional energy
sources (e.g., fossil fuels) which results in continuous depletion of these resources.
World demand for fossil fuels, starting with oil, is expected to exceed annual production,
probably within the next two decades. International economic and political crises and
conflicts can also be initiated by shortages of oil or gas [1]. In addition, such resources
have risks associated with their use, as they are all potentially vulnerable to adverse
weather conditions or human acts. This is due to the fact that burning fossil fuels releases
harmful emissions which affect the local, regional, and global environment.
Conventional cooling systems are the main consumer of the power produced by the
electrical grids. As a result, serious moves should be taken in order to reduce energy
consumption and develop sustainable, environmentally friendly cooling systems.

The world trend nowadays is to employ renewable energy sources in energy
production systems in order to achieve the most productive output from an economic and
environmental perspective. These systems are known as advanced thermodynamic
systems that lead to the achievement of high power efficiency with reduced
environmental emissions [2].

Renewable energy can be utilized to solve issues related to the high demand on
electricity generated by electrical grids and can also lessen the environmental impact by
releasing fewer emissions into the atmosphere. Renewable energy can contribute
significantly to the residential and commercial buildings in the United Arab Emirates in
terms of power and environmental impact. Fuel cells and solar collectors are among the
alternatives that are utilized as sources of electricity for cooling systems in the proposed
research due to their suitability and applicability to both the UAE environment and

HVAC cooling systems.
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1.1 Need for the Research

In this section, the purpose behind conducting such research is illustrated. The

significance of the research for sustainable building operations is also presented.

1.1.1 Problem statement.

The demand for energy is increasing at an unexpected rate all over the world
where energy consumption in residential applications, mainly HVAC systems, is the
major factor in increasing power consumption, especially in the Gulf region.

Conventional HVAC systems that use the vapor compression refrigeration
principle along with fossil fuels as a source of energy have some issues such as high
energy consumption rates, low performance, high emissions, and high costs. Therefore,
new technologies have to be implemented in order to come up with better systems that
lead to the achievement of high power efficiency with reduced environmental emissions
and reduced cost.

The high energy consumption and high costs of conventional HVAC systems
make it a crucial area for study aiming at lowering the consumption by integrating
alternative systems running on renewable energy sources to decrease the load on the
electrical grids. In addition, conventional sources of energy such as fossil fuels release
harmful emissions to the environment. Therefore, renewable energy can be useful both
in terms of energy consumption and environmental safety.

This research aims to improve HVAC cooling systems using PEMFC, FPSC,
PTSC, and PV/T integrated with Double and Triple Effect Absorption Systems (DEAS
and TEAS). These fuel cells and solar thermal and photovoltaic collectors have been

chosen based on their contribution to sustainable building operations.

1.1.2 Significance of the research.

Fossil fuel sources are limited and are going to be depleted as the worldwide
demand increases. It has been predicted that crude oil and natural gas will be
significantly depleted within the next 40 years. World demand for fossil fuels is expected

to exceed annual production, probably within the next two decades.
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While the global growth of the rate of energy consumption is 4%, the percentage
in the UAE is more than double (around 10%). Statistics for 2007 have shown that
Dubai's power consumption was about 25 Gigawatts (GW), while the power requirement
Is 26 GW. In addition, the average individual’s electricity usage, according to the Dubai
Electricity and Water Authority (DEWA) is 20,000 kilowatt hours (kwh) annually. Air
conditioning systems were found to be the major factor in increasing power consumption
in the country since they consume more than 75% of electricity generated at peak load
time. As a result, the UAE government aims to shift 7% of the needed power to
renewable energy sources by the year 2020, according to [1] and [2].

The burning of fossil fuels releases harmful emissions to the atmosphere known
as greenhouse gases that contribute to global warming. Global warming is the increase in
the average temperature of the Earth’s air and oceans since the mid 20" century.
Greenhouse gases, in addition to their harmful effect on the environment, have a crucial
impact on public health and welfare. The United States has been ranked as the highest
producer of CO, emissions (5,762,050 thousand metric tons of carbon dioxide) followed
by China. The UAE was ranked 38, accounting for 72,309.8 thousand metric tons of
carbon dioxide for the year 2007. Besides the harmful emissions, coal mining creates
several environmental issues in the form of erosion and habitat besides destruction; in
addition, toxic ash remains after coal burning and is disposed into landfills. Likewise, oil
drilling has a significant impact on marine organisms and the building of roads.
Structures and pipelines to support oil recovery operations can impact the wildlife in
natural areas, according to [3]-[5].

From an economic point of view, non-renewable energy sources have finite
deposits. This creates special concern about their exploitation, use, consumption, and
recycling in order to prevent their shortage or unavailability for future generations.
Future shortages in fossil fuels will lead to price increases, which furthers the need for
alternative resources of energy [6].

Energy shortages and environmental problems caused by conventional energy
generation systems, as well as the rapid increase in world population, create a strong need
for clean energy sources. Renewable energy has a great potential to solve environmental

issues because of its lack of carbon-based emissions that release warming and polluting
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agents into the atmosphere. They therefore add no contribution to global warming, nor
polluting emissions. In addition, as there are no harmful emissions released by renewable
energy, it has indirect benefits on health and its costs. It is also characterized by the
absence of noise as there are no combustion engines with associated moving parts used in
producing such energy. So, renewable energy sources are essential to the sustainability
of human life, wildlife, and building operations.

Moreover, from an economic point of view, renewable energy is less expensive
than non-renewable energy and can be used repeatedly without wearing down. However,
the devices used in processing the energy are not free. Moreover, the financial cost of its
applications is not always cheap, but compared with non-renewable energy, it is more
cost effective in the capital cost as well as in the long run. Moreover, renewable energy
has indirect advantages on the expenditure spent on human health and environment
destruction issues that are associated with the utilization of non-renewable energy, as
mentioned by [7]-[9].

Examples of renewable energy are solar energy, fuel cells, wind, flowing water
(hydroelectric), tidal (ocean), biofuels, and geothermal energy. Fuel cells and solar
energy are good alternatives and have been chosen to be implemented in the absorption
systems proposed in this research. They are distinguished as clean and green forms of
energy because of their minimal impact on the environment. Moreover, they are cost
effective as they are abundant and available in the UAE, especially solar energy, as the

UAE is characterized by a sunny climate.
1.2 Background and Motivation

In this section, a background of absorption refrigeration systems, fuel cells, and
solar energy is presented.

1.2.1 Absorption cooling system.

In absorption cooling systems, heat energy is absorbed with the use of two fluids
as the working medium. In comparison with the compression refrigeration system in
which the compression of the refrigerant is done by a compressor, the compression in the
absorption system is achieved by absorbing the refrigerant by an absorbent. As the
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refrigerant is absorbed, it gets converted from a vapor to a liquid so its volume is reduced.
As a result, the power consumed in the absorption system is much less than that required
by the compression system. In the absorption system, the pump requires a very small
amount of power for its operation and it remains almost the same even for higher
capacities of refrigeration. In the compression system, the compressor requires large
quantities of power which increase as the size of the refrigeration system increases.
Moreover, unlike the compression system which can be run by electric power only, the
absorption system runs mainly on the extra or waste heat available in the system which
makes it suitable to be operated by renewable energy sources such as the heat generated
by a solar cell, or the waste heat produced by a fuel cell.

Economically speaking, the running cost of the absorption system is much less
than that of the compression system as the electrical power required to operate the pump
is very small. Also, no extra power in the pure electric form is required since the extra
heat or energy that would have otherwise gone wasted is utilized. On the other hand, the
compression system can run only on electric power and it requires a large amount of
power, which has become very expensive. Also, the refrigerant used in absorption
systems which is mostly water along with the absorbent are cheaply and easily available
compared with the expensive halocarbons that are used in compression systems.

From foundations and maintenance points of view, the compressor in the
compression systems is operated at very high speeds, which makes high vibrations and
noise and requires a very strong foundation to sustain them. Conversely, absorption
systems operate silently as there are no major moving parts. In addition, the compressor
in the compression system requires maintenance regularly unlike the small pump in the
absorption system that fails rarely.

In contribution to the environment and health, unlike compression systems which
release harmful gases due to the burning of the halocarbon refrigerants, absorption
systems have no greenhouse effect.

Although absorption systems have advantages over compression systems, their
initial capital cost is much higher than compression systems although their running cost is
lower. Moreover, in the lithium bromide absorption system, lithium bromide is corrosive

in nature which reduces the overall life of the system. In case of an ammonia system,
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ammonia is corrosive to copper. Nevertheless, copper is used with the halocarbon
refrigerants in the compression systems and they are quite safe, thus ensuring a long life
for the refrigeration system. So, compression systems have a longer life than absorption
systems. In addition, the working pressures of the absorption systems are very low which
requires the system to be sealed thoroughly so that no atmospheric gases enter the
system. Also, in the absorption system, heat has to be rejected from a number of parts
such as the condenser and the absorber, compared to the compression system in which
the heat is given up only from the condenser. Finally, the Coefficient of Performance
(COP) of the absorption system is very low compared to the compression system. For
instance, the COP of the double effect lithium bromide absorption system is about 1.3
while that of the compression system used for the air conditioning applications is about 4
to 5, according to [10] and [11].

Due to the advantages of the absorption refrigeration system mentioned herein,
this system has been chosen to be integrated with renewable energy sources to replace the

conventional compression system.

1.2.2 Fuel cells.

A fuel cell is an electrochemical device that converts chemical energy directly
into electrical energy without the need for converting heat into mechanical energy.
Through electrochemical reactions, fuel cells produce electricity, water, and heat by the
combination of a fuel (on the anode side) and oxygen (on the cathode side) in the
presence of an electrolyte. The reactants flow into the cell, and the reaction products
flow out of it, while the electrolyte remains within it.

The purpose of a fuel cell is to produce an electrical current that can be directed
outside the cell to do work. Because of the way electricity behaves, this current returns to
the fuel cell, completing an electrical circuit. Fig. 1.1 illustrates the operation of the fuel

cell.
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Fig. 1.1 Working principle of fuel cells (adapted from [12]).

There are several types of fuel cells, and each operates a bit differently. But in
general terms, hydrogen atoms enter the fuel cell at the anode where a chemical reaction
strips them of their electrons. The hydrogen atoms are ionized and carry a positive
electrical charge. The negatively charged electrons provide the current through wires to
do work. If alternating current is needed, the direct current produced by the fuel cell
must be routed through a conversion device called an inverter.

Oxygen enters the fuel cell at the cathode and, in some fuel cell types, it combines
with electrons returning from the electrical circuit and hydrogen ions that have traveled
through the electrolyte from the anode. In other cell types the oxygen picks up the
electrons and then travels through the electrolyte to the anode, where it combines with
hydrogen ions. Whether they combine at the anode or cathode, together hydrogen and
oxygen form water, which drains from the cell. As long as the fuel cell is supplied with
hydrogen and oxygen, it will generate electricity.

The electrolyte plays a key role as it permits only the appropriate ions to pass
between the anode and cathode. If free electrons or other substances could travel through

the electrolyte, they would disrupt the chemical reaction.
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Even better, since fuel cells create electricity chemically, rather than by
combustion, they are not subject to the thermodynamic laws that limit a conventional
power plant. Therefore, fuel cells are more efficient in extracting energy from a fuel.
Waste heat from some cells can also be harnessed, boosting the system’s efficiency
further, as mentioned by [12]-[14].

Fuel cells are a very promising technology as they can generate electrical power
and at the same time produce water and waste heat. Also, the high efficiency conversion
from chemical energy to electrical energy without the need of combustion makes them
economically attractive. Fuel cells have a variety of options in the type of fuel and
catalyst and their associated parameters according to the operating temperature, pressure
of the system, and required power output. Moreover, they are quiet in operation which
makes them attractive for residential areas where noise pollution is undesirable [15].

Fuel cells are classified either according to the type of electrolyte that determines
the operating temperature range of the fuel cell, or according to the type of fuel used in
the cell. Adqueous electrolytes are limited to temperatures of about 200°C or lower
because of their high vapor pressure and rapid degradation at higher temperatures. The
operating temperature also plays an important role in determining the degree of fuel
processing required. In low temperature fuel cells, all the fuel must be converted to
hydrogen before entering the fuel cell. In addition, the anode catalyst in low temperature
fuel cells (mainly platinum) is strongly poisoned by carbon monoxide (CO). However, in
high temperature fuel cells, CO can be internally converted to hydrogen or even directly
oxidized electrochemically [15]. So, based on the operating temperature of the fuel cell,
each type can contribute to a range of applications starting with small portable devices,
passing through vehicles and cars, and ending with stationary power generation plants. A

brief description of these types, classified based on the type of electrolyte, follows herein.

1.2.2.1  Polymer Exchange Membrane Fuel Cells (PEMFCs).

The PEMFC uses a solid phase polymer membrane as the cell electrolyte which
provides excellent resistance to gas crossover and has a high current density and a
relatively low operating temperature (ranging from 60 to 100 °C). The low operating

temperature means that it does not take very long for the fuel cell to warm up and begin
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generating electricity. Because the cell electrolyte is a polymer film and the cell operates
at relatively low temperatures, issues such as sealing, assembly, and handling are less
complex than most other fuel cells. The need to handle corrosive acids or bases is
eliminated in this system. The low operating temperature makes PEMFC the most
suitable type of fuel cells for powering automobiles such as cars and light vehicles as
they need fast start up.

PEMFCs are also used for stationary applications, especially for small-scale
distributed generation. System efficiency typically ranges from 25 to 32% based on the
Lower Heating Value (LHV). By recovering waste heat from the cooling water, the
overall thermal efficiency can be raised to about 70%. On the other hand, PEMFC has
some disadvantages as the low and narrow operating temperature range makes thermal
management difficult, especially at very high current densities. However, this
disadvantage can be overcome by lowering operating current density [12]-[15].

For its advantages, PEMFC is used in this research as a heat source for the

absorption system to produce 10 kW of cooling capacity.

1.2.2.2  Alkaline Fuel Cells (AFCs).

AFCs use highly concentrated potassium hydroxide (KOH) as the electrolyte in
fuel cells operating at high temperatures (up to 250 °C). They use less concentrated KOH
for fuels cells at lower temperatures (less than 120 °C). AFC is one of the most
developed fuel cell technologies and it is the cell that flew man to the moon. NASA had
used alkaline fuel cells since the mid-1960s in the Apollo-series missions and on the
Space Shuttle. AFCs consume hydrogen and pure oxygen producing potable water, heat,
and electricity. They are among the most efficient fuel cells, having the potential to reach
80% efficiency. AFCs can operate on pressures up to 5 atm. They have excellent
performance on hydrogen and oxygen compared to other types of fuel cells due to their
active O, electrode kinetics and their flexibility to use a wide range of electro-catalysts
and electrodes which do not have to be made of precious metals. Also, the activation
overvoltage at the cathode is usually less with an acid electrolyte fuel cell.

A drawback of AFCs is the sensitivity of the electrolyte to CO,which requires the
use of highly pure H, as a fuel. As a result, a highly effective CO and CO, removal
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system is required. However, a scrubber can be used to treat the inlet ambient stream to
minimize CO, entering the cell or a separator can be used in the fuel processor to obtain a
pure stream of H,. In comparison to other fuel cells, AFC has high performance which
leads to the plausibility of developing the technology for terrestrial, stationary power
applications [13]-[15].

1.2.2.3 Phosphoric Acid Fuel Cells (PAFCs).

Phosphoric acid is used as the electrolyte in PAFCs, which typically operate at
higher temperatures than PEMFCs (around 150 to 220 °C). As a result, PAFCs have a
longer warm-up time. This makes them unsuitable for use in cars. However, PAFCs
have the potential for use in small stationary power-generation systems. Although the
present practice is to operate at atmospheric pressure, the operating pressure of PAFCs
surpasses 8 atm.

Development of PAFCs has slowed down in the past ten years, in favor of
PEMFCs that were thought to have better cost potential. However, PAFC development
continues. PAFCs are much less sensitive to CO than PEMFCs and AFCs. PAFCs have
demonstrated system efficiency of 37 to 42% (based on the LHV of natural gas fuel),
which is higher than most PEMFC systems can achieve. In addition, the waste heat from
PAFCs can be readily used in most commercial and industrial cogeneration applications.

Cathode-side oxygen reduction is slower in PAFCs and requires the use of
platinum catalyst. Although less complex than PEMFCs, PAFCs still require extensive
fuel processing. Finally, the highly corrosive nature of phosphoric acid requires the use

of expensive materials in the stack. Due to the above mentioned drawbacks, PAFCs are

not preferred for implementation in absorption systems [13].

1.2.2.4 Molten Carbonate Fuel Cells (MCFCs).

The defining characteristic of a MCFC is the material used for the electrolyte
which is a molten mixture of alkali metal carbonates. The electrolyte is usually a binary
mixture of lithium and potassium, or lithium and sodium carbonates. MCFCs operate at
relatively high temperatures (in the range of 600-700 °C) which allows them to attain

high efficiencies. Their high operating temperature also allows them to utilize different
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types of fuel. Also, both CO and certain hydrocarbons can be used as fuels for the
MCEFC, as they are converted to hydrogen within the stack which results in improving the
system efficiency to 40-50%. In addition, no expensive electro-catalysts are needed as
the nickel electrodes used in MCFCs provide sufficient activity.

The development of MCFCs has been focused on large stationary and marine
applications, where the relatively large size and weight of MCFCs and slow start-up time
do not matter. MCFCs are under development for use with a wide range of conventional
and renewable fuels. After PEMFCs, MCFCs have been demonstrated most extensively
in stationary applications.

The main challenge for MCFC developers stems from the very corrosive and
mobile electrolyte, which requires the use of nickel and high-grade stainless steel. The
higher temperatures promote material problems, impacting mechanical stability and stack

life [13]. Thus, MCFCs are not considered for integration with the absorption

refrigeration system in this research.

1.2.2.5 Solid Oxide Fuel Cells (SOFCs).

SOFCs have become a valid option for energy generation due to their attractive
features such as their solid-state components. Unlike the high temperature MCFCs,
SOFCs have a solid state electrode, as well as a solid state anode, cathode, and cell
interconnects. This type of fuel cells operates at very high temperatures (between 800
and 1000 °C). Due to its high temperature of operation, it is an effective source of
byproduct heat which can be used for cogeneration. Also, due to this high temperature of
operation, it does not require precious metals on the anode or the cathode.

Another advantage of SOFCs is the ability to use a wide variety of fuels which
makes it a promising technology. Although its operational temperature makes it
impractical for smaller applications, SOFCs in general are very promising fuel cells for
use in the distributed or centralized power generation industry. Thus, these fuel cells are
best suited for large stationary power generators that could provide electricity for
factories or towns. However, the high temperature of SOFCs has its drawbacks. There
are thermal expansion mismatches among materials, and sealing between cells becomes

difficult. The high operating temperature places severe constraints on materials selection

27



and results in difficult fabrication processes. Corrosion of metal stack components is also
a challenge. These factors limit stack-level power density, thermal cycling, and stack
life[16]-[18].

Among the above mentioned fuel cells, PEMFCs are the type best-suited for small
stationary applications. Thus, PEMFCs have been chosen to be integrated with the

absorption system in this research.
1.2.3 Solar energy.

The energy in sunlight is in the form of electromagnetic radiation from the
infrared (long) to the ultraviolet (short) wavelengths. The solar energy striking the
Earth's surface depends on weather conditions, as well as the location and orientation of
the surface, but overall, it averages about 1kW/m? under clear skies with the surface
directly perpendicular to the sun's rays. Energy from sunlight can be converted directly
into electricity by a device called a solar cell which uses a photovoltaic effect in the
conversion process. It does this without using chemical reactions or moving parts.
Assemblies of cells are used to make solar panels, solar modules, or photovoltaic arrays.
The major applications of solar energy can be classified into two categories: solar thermal
systems, which convert solar energy to thermal energy, and photovoltaic (PV) systems,
which convert solar energy to electrical energy. Usually, these two systems are

combined to form the photovoltaic thermal (PV/T) solar system [19].

1.2.3.1 Solar thermal collectors.

A solar thermal collector is a device composed of solar cells designed to collect
heat by absorbing sunlight via fluid circulation and convert it into a more usable or
storable form. In the solar thermal system, external electrical energy is required to
circulate the working fluid through the system.

Solar thermal collectors are classified into two main categories: non-concentrating
and concentrating. In the non-concentrating collectors, the collector area (the area that
intercepts the solar radiation) is the same as the absorber area (the area absorbing the

radiation) so that the whole solar panel absorbs the light.
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Flat plate and evacuated tube solar collectors are examples of non-concentrating
collectors and are used to collect heat for domestic hot water and space heating or cooling

by integrating them with absorption chillers [20].

Flat Plate Solar Collectors (FPSC).

Flat plate collectors are the most common type of solar thermal collectors. They
consist of a transparent cover or “glazing” that allows solar energy to pass through but
reduces heat losses, a heat-transport fluid (air, antifreeze, or water) flowing through tubes
to remove heat from the absorber, a dark flat plate absorber designed to absorb sunlight
and release the energy as heat which is absorbed by the working fluid and trapped by the
glazing, and a heat-insulating backing. Fluid is circulated through the tubing to transfer
heat from the absorber to an insulated fluid tank. Fluid flows into a lower corner of the
collector and becomes heated before exiting through a higher corner. The typical range

of operating temperatures of flat plate solar collectors is 80 —150 °C[21].

Evacuated Tube Solar Collectors (ETSC).

Evacuated tube collectors are made up of long, clear glass tubes containing a
colored glass or metal tube to absorb the sunlight. The space between the outer glass tube
and the inner absorber tube is evacuated (contains almost no air), which greatly reduces
convection and conduction heat loss to the outside. This allows them to achieve greater
efficiency than FPSCs, especially in colder conditions. This advantage is largely lost in
warmer climates, except in cases where very hot water is desirable. Evacuated tubes are
more expensive per unit area than other collectors, and are ideal for cold climates or
buildings that use hot water as an energy source for air conditioning or heating. In
comparison with FPSCs, FPSCs are more cost effective in all sunlight conditions, up to
76% on clear days. For systems that require a very high temperature rise, evacuated
tubes outperform flat plates in all conditions. However, if winters are mostly sunny,
FPSCs tend to be the most cost effective overall [22] and [23].

Due to this, FPSCs among the non-concentrating collectors are used in the

proposed solar thermal powered HVAC cooling system in this research. Examples of
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concentrating collectors are the parabolic trough and parabolic dish collectors and are

illustrated as follows.
Parabolic Trough Solar Collectors (PTSC).

This type of collector is generally used in solar power plants. A curved, mirrored
trough is used to concentrate solar radiation on an insulated tube or heat pipe(also called a
receiver, absorber or collector), running the length of the trough, positioned at the focal
point of the reflector, containing coolant which transfers heat from the collector to a
thermally-driven system.

The receiver may be enclosed in a glass vacuum chamber. The vacuum
significantly reduces convective heat loss. A fluid passes through the receiver and
becomes very hot. Common fluids are synthetic oil, molten salt and pressurized steam.
The fluid containing the heat is transported to a heat engine where about a third of the
heat is converted to electricity. The trough is parabolic along one axis and linear in the
orthogonal axis. The trough tilts east to west so that the direct radiation remains focused
on the receiver as the sun moves throughout the day. However, seasonal changes in the
angle of sunlight parallel to the trough do not require adjustment of the mirrors since the
light is simply concentrated elsewhere on the receiver. Thus the trough design does not

require tracking on a second axis [24] and [25].
Parabolic Dish Solar Collectors (PDSC).

PDSCs are considered the most powerful type of collectors. These collectors
focus all the sunlight that strikes the dish onto a single point on the dish, where a receiver
captures the heat and transforms it into a useful form. This geometry may be used in
solar furnaces and solar power plants.

The advantage of a dish system is that it can achieve much higher temperatures
due to the higher concentration of light. Higher temperatures lead to better electricity
conversion, a task which the dish system performs very efficiently. Also, losses due to
atmosphere between the dish and its focal point are minimal, as the dish is generally

designed specifically to be small enough that this factor is insignificant on a clear, sunny
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day. However, there are also some disadvantages. Heat to electricity conversion requires
moving parts, which results in higher maintenance costs. In general, a centralized
approach for this conversion is better than the decentralized concept in the dish design.
Second, the engine is part of the moving structure, which requires a rigid frame and
strong tracking system. Furthermore, parabolic mirrors are used instead of flat mirrors
and tracking must be dual-axis.

Compared to a parabolic trough which concentrates light on a line, a parabolic
dish concentrates light on a point. A practical application of a parabolic dish is a
flashlight lens, which is used to transform a point source of light into a parallel beam.
However, parabolic troughs are used in solar power plants to produce superheated steam
and generate electricity because their fabrication and tracking equipment are less
expensive than that of the dish. Due to the advantages of parabolic troughs over the
parabolic dishes and their applicability for space cooling, they have been implemented in
the design of a solar thermal-based HVAC-cooling system for higher operating

temperatures [26].

1.2.3.2  Solar photo-voltaic collectors (PV).

Photovoltaics is the field of technology and research related to the application of
solar cells in producing electricity for practical use. In the PV system, the electrical
efficiency of the system decreases rapidly as the PV module temperature increases.
Therefore, in order to achieve higher electrical efficiency, the PV module should be
cooled by removing the heat. A common PV module converts 4-17% of the incoming
solar radiation into electricity depending on the type of solar cells in use and the working
conditions. More than 50% of the incident solar energy is converted into heat after
deducting the reflected portion.

In order to eliminate an external electrical source and cool the PV module, the PV

module should be combined with a solar air/water heater collector. This type of system is

called a solar Photo-Voltaic Thermal (PV/T) collector system [20].
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1.2.3.3  Solar photo-voltaic thermal collectors (PV/T).

A PV/T collector is a combination of photovoltaic (PV) and solar thermal
components/systems that produces electricity and heat from one integrated component or
system. The PV/T collector produces thermal and electrical energy simultaneously.
Besides the higher overall energy performance, PV/T systems demand less physical space
and equipment cost through the use of common frames and brackets as compared to the
separated PV and solar thermal system placed side-by-side [27].

In this research, a solar PV/T collector is used to produce heat and electricity to

drive a triple-effect absorption cooling system.

1.2.3.4 Meteorological data of the UAE.

In order to conduct a thermodynamic analysis on the solar powered absorption
cooling system, data on solar irradiance and ambient air temperature is required. Thus,
the monthly average solar irradiance and ambient temperature of the UAE are provided in
Table 1.1 [28,29].

Table 1.1 Monthly average values of direct beam solar irradiance and averaged measured temperature of
the UAE ([28] and [29]).

Direct Solar Inlet Air
Month Irradiance (W/m?)  Temperature °C
Jan 490 18.7
Feb 603 22.8
Mar 470 24.7
Apr 480 27.5
May 605 33.0
Jun 565 34.4
Jul 530 35.1
Aug 617 35.9
Sep 615 33.6
Oct 595 30.5
Nov 593 26.5
Dec 520 22.3
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1.3 Literature Review

The aim of this section is to provide basic background and review existing
literature on absorption refrigeration, fuel cells, solar thermal, and photovoltaic
technologies. Moreover, recent developments in the implementation of fuel cells, solar
thermal, and photovoltaic technologies in HVAC systems are reviewed in order to shed
light on the latest evolutions in the field. Research options are discussed to provide a
solid background for the systems proposed.

The literature review covers the different configurations and working fluids used
in absorption systems to come up with the most efficient configuration and working fluid
that can be utilized in HVAC systems. Then, literature discussing Proton Exchange
Membrane Fuel Cells (PEMFCs) are reviewed to determine the most significant
parameters that should be considered in analyzing such systems. The review also covers
the solar thermal, Photo-Voltaic (PV), and Photo-Voltaic Thermal (PV/T) systems to
build a background on their specifications and operating conditions. The implementation
of fuel cells as well as solar thermal and PV/T collectors in absorption systems is also
covered to shed light on the recent developments in these areas. In addition, available
literature discussing the integration of HVAC systems with hybrid systems composed of
fuel cells and solar energy has been reviewed.

1.3.1 Absorption cooling system.

A literature review on absorption cooling systems covering different
configurations is conducted in this section. Also, the different forms of working fluid
pairs used in absorption systems are reviewed and evaluated.

Industrial processes use a huge amount of thermal energy by burning fossil fuels
for the production of steam or heat, where heat is released to the surroundings as waste
after the processes. A heat-operated refrigeration system such as an absorption
refrigeration system can be used to convert the waste heat to useful energy. Such systems
reduce the electricity purchased from utility companies for conventional vapor
compression refrigeration systems. In addition, problems related to global environmental
change, such as the so called greenhouse effect caused by CO, emissions released from
the combustion of fossil fuels in the utility power plants, are reduced. Moreover, most
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vapor compression refrigeration systems use chlorofluorocarbon (CFC) and
hydrochlorofluorocarbon (HCFC) refrigerants because of their thermo-physical
properties. CFCs are well-known as the main cause of depletion of the ozone layer. This
has stimulated interest in the development of absorption systems.  Absorption
refrigeration systems can employ natural refrigerants such as water, ammonia, and
methanol, and can be activated by hot water, steam, and direct-fired natural gas instead of
electricity. Thus, low-grade thermal energy can be used to drive absorption chillers
where solar energy, geothermal energy, fuel cells, and waste heat from industry processes
can be used as energy sources for these systems instead of fossil fuels. However, vapor
compression refrigeration systems still dominate all market sectors. Thus, in order to
promote the use of absorption systems, further development is required to improve their
performance and reduce costs.

The coefficient of performance (COP) of lithium bromide (H,O/LiBr) absorption
chillers, defined by the ratio of the refrigeration capacity and the driving heat input, is in
the range of 0.7 < COP < 1.5 depending on the cycle configuration and the temperature
of the driven heat [30] and [31].

1.3.1.1 Configurations of absorption system

Absorption systems can be modeled in various configurations, some of which are
the single, double, and triple effect configuration. The following section looks at these in

more detail.

Single effect absorption system.

The single effect is the simplest configuration of absorption technology.
Karamangil et al. [32] conducted a thermodynamic analysis of a single-stage absorption
refrigeration system with different refrigerant—absorbent pairs using a software package
and compared the theoretical performance of the cycles. The effect of the operating
temperature, effectiveness of the solution, and selection of working fluid pair on the
system performance were examined using the developed package. It was concluded that
the performance of the cycles increases with increasing generator and evaporator

temperatures, but decreases with increasing condenser and absorber temperatures. The
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performance of the system was affected by the solution heat exchanger (SHE) more than
the refrigerant heat exchanger (RHE) and solution—refrigerant heat exchanger (SRHE).
Specifically, the use of SHE improved the system COP up to 66%, while RHE and SRHE
had an effect of only 14% and 6%, respectively. Thus, the SRHE was not considered
practically significant according to the researchers. Furthermore, the analysis showed
that the generator temperature had a great effect on the COP. In general, single-effect
technology has a low COP but can operate at low temperature of waste heat applications,
resulting in no cost expense for energy input.

Double effect absorption system.

For higher temperatures of waste heat applications, double-effect technology is
proposed. The COP of the double effect technology is in the range between 1.0 and 1.5
which is much higher than that of the single effect. However, double effect technology
requires significantly higher driving temperatures: between 120 °C and 170 °C.

The double effect cycle is made by adding high and low heat exchangers between
the generator and the absorber of the single effect cycle. The generator is then divided
into two sections: high and low generators forming double solution circuits. The two
cycles are connected through the condenser and low generator. The low generator and
condenser of the double effect system operate at almost the same conditions of those in a
single effect system. However, the double effect system operates at a much higher
temperature of heat input than that of the single effect system. This configuration
increases the availability of the double effect technology, as a result of the higher
temperature of input heat can be utilized which results in higher COP [33] and [34].

Double effect systems can be designed in different configurations according to the
method of connecting the solution circuits. Parallel and series flows of refrigerant are the
common configurations of this technology.

Kaushik and Arora [35] did energy and exergy analyses of single effect and series
flow double effect lithium bromide/water (LiBr/H,O) absorption systems. They found
that the coefficient of performance (COP) of the single effect system lay in the range of
0.6-0.75 and the corresponding COP value for the series flow double effect system lay in
the range of 1-1.28 (a 60-70% increase). Also, their exergy analysis showed that the
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irreversibility is highest in the absorber in both systems when compared to other system
components. Moreover, an increase in the generator temperature increased the COP and
the exergetic efficiency in both single and series flow double effect systems up to an
optimum generator temperature. On the other hand, an increase in the evaporator
temperature caused the COP to increase while the exergetic efficiency decreased. Also,
increasing the absorber temperature resulted in reducing the performance of the system
significantly as compared to increasing the condenser temperature.

Arun et al.[36] did a comparative study of double effect parallel flow and series
flow absorption refrigeration systems with lithium bromide as the working fluid. An
analysis was conducted on the parallel flow cycle based on the concept of equilibrium
temperature in the low pressure generator. The COP of the double effect parallel flow
cycle along with its sensitivity to operating conditions were determined and compared
with those of series flow cycle. It was found that the maximum attainable COP for the
parallel flow cycle was greater than that for the series flow cycle over the entire range of
operating conditions considered. Compared to the series flow system, performance of the
parallel flow system is more sensitive to the effectiveness of low pressure heat exchanger
and evaporator temperature variation and less sensitive to variations in condenser and
absorber temperatures. For both parallel and series flow cycles, maximum COP increases
with higher evaporator temperatures and effectiveness of the heat exchanger, as well as
with lower condenser and absorber temperatures. This analysis revealed that the
sensitivity of maximum COP is greater at lower temperatures at the evaporator,
condenser, and absorber. In addition, it is more sensitive to evaporator temperature than
condenser and absorber temperatures. The researchers suggest incorporating a large low
pressure heat exchanger for parallel flow, and a large high pressure heat exchanger for
series flow, as COP is more sensitive to the respective effectiveness.

Gomri and Hakimi [37] presented an exergy analysis of a double effect LiBr/H,O
absorption refrigeration system. The results showed that the performance of the system
increased with increasing low pressure generator (LPG) temperature, but decreased with
increasing high pressure generator (HPG) temperature. Also, the absorber had the
highest exergy loss, followed by the HPG, which therefore makes the absorber and HPG

the most important components of the double effect refrigeration system which need to

36



be developed. In addition, exergy loss rates in the pump and solution valves were very
small, so their effects on the total exergy loss rate were negligible. Results also showed
that COP and exergetic efficiency initially increase sharply with increasing the
temperature of LPG and then they become almost constant at high values of LPG
temperature. So, up to a certain limit, increasing LPG temperature does not significantly
improve the COP and exergetic efficiency. In this study, it was concluded that for
condenser and absorber cooling water temperature (27 °C/32 °C) and chilled water
temperature (12 °C/7 °C), the best COP and exergetic efficiency were obtained for LPG
temperatures between 78 °C and 81 °C and HPG temperatures between 125 °C and 135
°C.

Rabah [38] also did a comparative study between single effect and double effect
absorption refrigeration systems with identical cold output. The results showed that the
COP of the double effect system (in the range of 1.22-1.42) is approximately twice the
COP of the single effect system (in the range of 0.73-0.79), while the exergetic
efficiency of the double effect system (in the range of 14.3-25.1%.) is slightly higher that
that of the single effect system (in the range of 12.5-23.2%). In addition, the COP of the
cycle increases with increasing generator and evaporator temperatures, but decreases with
increasing condenser temperatures. The comparison also showed that the condenser and
generator thermal loads of single effect systems were greater than those for the double
effect systems.

Triple effect absorption system.

As the COP of double effect systems can reach around 1.5 and is almost close to
the maximum, triple effect systems are proposed to attain higher efficiency. Aghdam et
al. [39] presented energy and exergy analyses of triple effect series and parallel flow
absorption refrigeration systems with LiBr/H,O as the working fluid pair. For both series
and parallel flow systems, the results showed that the COP of the system increases
slightly when temperatures of the high temperature generator and evaporator are
increased, while the exergetic efficiency decreases. Moreover, there is a relative
preference of triple effect parallel flow system over the series flow system. Compared to
the double and single effect systems, the COP of the triple effect system is about 50%
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more than that of the double effect system and about 2.2 times that of the single effect
system. Also, the results showed that most of the irreversibilities occur in generators and
absorbers due to mixing losses in series and parallel flow systems.

Kaita [40] carried out a simulation analysis for three kinds of triple effect
absorption systems: parallel flow, series flow, and reverse flow, in order to investigate
the coefficient of performance, the maximum pressure and temperature of each cycle, and
pressure and temperature of the high temperature generator. The results showed that the
COP of the parallel flow cycle was the highest among the cycles, while the maximum
pressure and temperature in the reverse flow cycle were lower than those of other cycles.
This is advantageous in terms of adapting to regulations and resisting corrosion. In
addition, a heat recovery of the condensed refrigerant leaving low temperature generator
can be achieved by installing a heat exchanger which could improve the COP by 0.03—
0.05. Moreover, Kaita compared the three configurations in terms of factors such as
number of solution pumps and controllability of the solution flow. The overall
comparison led to the preference of the parallel flow cycle compared to series and reverse

flow cycles.

1.3.1.2  Working fluids for absorption systems.

An absorption refrigeration system uses different combinations of refrigerant—
absorbent known as solution pairs. The absorbent acts as a secondary fluid to absorb the
primary fluid which is the refrigerant in its vapor phase. Ammonia/water (NH3/H,0) and
lithium bromide/water (LiBr/H,0) solutions are the most widely used working fluid pairs
in absorption systems. For large capacity industrial applications requiring low
temperatures for process cooling, the NH3/H,O absorption system is generally used.
However, LiBr/H,O systems are used where moderate temperatures are required (e.g., air
conditioning and chilling applications) and this system is more efficient than NH3/H,0
[32].

A thermodynamic analysis of a single stage absorption refrigeration system with
different working fluids was done by Karamangil et al.[32]. Their study showed that the
system with the LiBr/H,O mixture had a higher COP but could operate in a more narrow

range of generator temperatures, because of its crystallization possibility, compared to the
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systems using ammonia-based mixtures. So, although the lithium bromide/water solution
is the most commonly used working fluid, precautions have to be taken to prevent
crystallization of lithium bromide.

In conclusion, a lithium bromide/water (LiBr/H,O) absorption chiller is an
environmentally-friendly air conditioning system that avoids the global warming
potential (GWP) and the ozone depleting potential (ODP) caused by CFC and HCFC
gases used by the conventional vapor compression refrigeration cycle of air conditioning
systems. Moreover, double effect and triple effect systems with parallel flow cycles are

the best configurations to be integrated with renewable energy options.

1.3.2 Fuel cells.

Fuel cells offer clean, quiet, and efficient electrochemical energy conversion.
Among high efficiency technologies, fuel cells are among the most promising as they
have high efficiency and very low environmental impact. They are considered an
alternative to combustion-based cogeneration and traditional, centralized power
generation. As fuel cells have no moving parts, and do not involve combustion, in ideal
conditions they can achieve up to 99.99% reliability, according to [41] and [42].

For low temperature fuel cells, the electrical efficiencies are between 30-40%, and
are expected to rise to a maximum of 45% by the time they enter the market. Likewise,
high temperature fuel cells are expected to have an electrical efficiency of around 55% at
the time they enter the market [43]. From an environmental point of view, the application
of fuel cells in automotive vehicles can reduce carbon dioxide emissions about 40-60%
and nitrogen dioxide emissions about 50-90%. Although fuel cells hold a great promise
for delivering clean and efficient power for automotive and residential applications, they
are still in their developmental infancy, and a great deal of research is necessary before
they can be considered as viable power systems [44].

Fuel cell technology offers the possibility to excel in today’s automobile power
techniques in terms of environmental compatibility, consumer profit, costs of
maintenance, and efficiency. The key concern is economic. This will be decided by the
cost of fuel cell systems if they are to be used as power generators for future electric
vehicles [45].
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Compared to other micro-cogeneration technologies, fuel cells show the highest
electrical efficiency, and are promising systems for residential and small-scale
cogeneration applications. The main reason for their high performance is their modular
construction. Therefore, their efficiency is hardly influenced by its size [46].

Fuel cells can provide lower cost electricity, heating, and air conditioning for
homes and offices independent of the power grid; however, they can be hooked into the
grid as a backup or as a source of electricity for peak demands[47]. Another application
of fuel cells is in remote homes and other sites where stringing wire from the nearest
utility is too expensive. With fuel cells, the occasional delivery of power can get through
without the noise of a typical engine-powered generator.

The overall efficiency of HVAC systems can be enhanced greatly through a
beneficial use of fuel cell exhaust heat [48]. For fuel cells used in commercial building
applications, the use of absorption technology is highly encouraged due to the fact that
absorption chillers can use thermal energy to produce chilled water for cooling.

According to Hearn [49], fuel cells’ residential cogeneration application has been
introduced to the market in Japan where 480 residential cogeneration systems were
placed in homes in 2005. In these fuel cells, waste heat is used to provide hot water.
93% of the natural gas lower heating value (LHV) is converted to useful heat or
electricity, fuel cell stack electricity is also provided to the household. The production of
hot water in typical residential cogeneration is around 1.4 kW for every kilowatt of
electricity. Additionally, cogeneration units can be sized for one kilowatt to hundreds or
even thousands of kilowatts[40].

Kakaras et al. [50] stated that in order to evaluate fuel cell operation in a
commercial office building, typical electricity (power consumption) and heating and
cooling loads of the building have to be examined. In their project of stationary co-
generation fuel cell systems in Greece, the resulted profiles for 24-hour demand in
summer and winter showed that the air conditioning electricity loads were significant in
the summer period. Based on these results, the concept of trigeneration configuration
that is applied in absorption chillers using the heat rejected by fuel cells could be
examined. It was found that the cost of the absorption chiller is 750 to 800 € per ton of
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capacity and the COP is 0.7. Electrical and thermal efficiencies of fuel cells were
considered as 37% and 50% on the LHV of natural gas respectively [50].

Many configurations can be achieved for an integrated fuel cell system and air
conditioning. An interesting one is that proposed by Seong et al. [51], where the air
conditioning has a variable load that undergoes a rapid change in power instantaneous
consumption. The fuel cell system stores the generated electricity if the instantaneous
power consumption of the air conditioner is lowered and supplies the stored electricity
together with the generated electricity to the air conditioner if the instantaneous power
consumption is increased.

A study conducted by Ferguson and Ugursal [42] showed that the performance of
fuel cell-based cogeneration systems is affected by two critical factors: cell size and
operating strategy. So, in order to understand the impact of these parameters on the
performance of residential fuel cell-based cogeneration systems, further studies and
comprehensive models with the ability of modeling electric storage are highly
encouraged.

According to Romey et al. [52], low temperature fuel cells are suitable for
transportation applications. However, in the stationary field, the requirements regarding
temperature limit the range of applications of low temperature fuel cells to water for
domestic use as the industry usually requires higher temperatures. However, low
temperature fuel cells can be used for small scale stationary applications.

Based on these studies, it is clear that fuel cell technology is highly encouraged to
be applied in future energy systems. For HVAC applications, they can provide electricity
to power air conditioning systems, cover domestic hot water needs, and provide heating
and cooling requirements. A literature review on each type of fuel cell is provided in the

following sections.

1.3.2.1 Proton Exchange Membrane Fuel Cells (PEMFCs).

PEMFCs, one of the low temperature fuel cells, have gained international
attention as alternative to the combustion engine in the automotive and stationary markets
due to features such as their adaptable size and low operating temperatures. The typical

operating temperature of PEMFCs is in the range of 60—100 °C. PEMFCs have achieved
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over 30,000 hours of continual operation in stationary applications, and 50% power is
achieved in 16 seconds at ambient temperatures of 20°C [49].

Generally, applications of PEMFCs in stationary markets are foreseen in the next
coming years and those for the residential applications (in the size of 0.5-10 kW) are
under development in Europe, the US, and Japan [44]. Hearn [49] stated that PEMFCs’
coolant loop can provide hot water to the residence at 60°C as sustained temperatures
above 90°C are out of reach in the present production of PEMFCs stack technology (in
2006). Therefore, according to Hearn [49], results of PEMFC laboratory stacks at
temperatures of 160°C are subject to recent publications. The importance of higher
PEMFCs technology is the opportunity it provides to use the coolant in residential and
commercial buildings.

Lipman et al. [53] examined the economics of producing electricity from PEMFC
systems under various operating conditions, including the possibility of using fuel cell
vehicles (FCVs) to produce power when they are parked at office buildings and
residences. The analysis showed that the economics of both stationary fuel cells and
FCV-based power vary significantly in terms of input variables such as the price of
natural gas, electricity prices, fuel cell and reformer system costs, and fuel cell system
durability levels. The results showed that stationary PEMFC systems can supply
electricity for offices and homes in California at competitive rates at potential future
installed capital costs of the order $1200/kW for a 5 kW home system and $700/kW for a
250 kW commercial system, assuming somewhat favorable natural gas costs of $6/GJ
(Gigajoule) for residences and $4/GJ for commercial buildings. FCV-based power at
individual residences does not appear to be as attractive, at least where FCV power can
only be used directly or banked with the utility and not sold in greater quantities [53].

From an economic point of view, the investment costs for PEMFCs will likely be
reduced because of the expected mass production of PEMFCs for vehicle propulsion. As
a result, PEMFC co-generation systems for stationary applications will become
economical for one- and multiple-family dwellings. Thus, a concept of a PEMFC
cogeneration system for terraced or detached houses has been developed and theoretical

and practical investigations have been performed [52].
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In short, PEMFCs have emerged as the technology of choice for low temperature,
moderate power applications. For the integration with absorption systems, double effect

parallel flow configuration can be implemented, as PEMFCs operate at low temperatures.

1.3.2.2 Alkaline Fuel Cells (AFCs).

With the growing interest in fuel cells, the Alkaline Fuel Cell (AFC) has proven
to be a good alternative. The long lifetime and the possibility to use non-noble catalysts
gives it advantages over all other fuel cell systems [50].

The AFC was the first fuel cell technology to be put to practical use and make the
generation of electricity from hydrogen feasible. It had been used widely in the U.S.
space program to produce electricity and water onboard spacecraft where it could provide
high-energy conversion efficiency with no moving parts and high reliability [46], [51].
However, most of the current research and development are directed towards PEMFCs
for residential applications. Nevertheless, AFC technology is very competitive for power
applications, especially for small-scale cogeneration applications [51].

McLean et al. [54] conducted a review of AFC technology focusing about on its
power density and lifetime performance. They stated that because of the rapid
development of PEMFCs, AFCs have fallen out of favor with the technical community
although they were popular in the 1970s and 1980s. AFCs appear to compete favorably
with ambient air PEMFCs as they can provide high power densities and achieve long
lifetimes in certain applications.

Contamination of AFCs due to the presence of CO, is an issue for sustained
system operation. CO, in the cathode air stream definitely poisons the electrolyte and in
turn can cause some designs of electrodes to become clogged with carbonate.
Development of new means of CO, removal from the oxidant stream for an AFC system
would address many operational issues associated with AFC stacks. Contamination due
to impure hydrogen is another problem that may prohibit the use of AFCs with reformed
hydrogen streams, though this contamination seems to be totally reversible [55].

A literature review of AFCs done by McLean et al. [51] revealed that AFCs were
the first fuel cell technology to be put into practical service and make the generation of

electricity from hydrogen feasible. Starting with applications in space, the alkaline fuel
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cell provided high energy conversion efficiency with no moving parts and high
reliability. Also, AFCs were used as the basis for the first experiments with vehicular
applications of fuel cells. Current AFC systems have been demonstrated to easily meet
the 5000 hour lifetime required for traction applications. However, despite their early
success, the current research and development activities are more directed towards
PEMFCs for vehicular applications. In practice, the AFC is very well-developed, simple
to operate with a built-in cooling system, and has excellent reliability [56].

According to Duerr et al. [57], the Centre of Economic Renewable Power
Delivery (CERPD) at the University of Strathclyde has developed various fuel cell
systems for stationary and vehicular applications over the last 5 years. Duerr et al. have
designed and built reliable and cost efficient hybrid fuel cell/battery systems, which could
replace existing conventional technology in the near future. A domestic scale combined
heat and power (CHP) alkaline fuel cell (AFC) system has been developed. A small AFC
stack was used to satisfy the average load demand of the domestic load profile of a
stationary application whereas the load peaks were supplied by a battery system working
in parallel with the AFC stack.

Also more research is devoted to high temperature fuel cells as the Solid Oxide
Fuel Cell (SOFC) and the Phosphoric Acid Fuel Cell (PAFC) which show some
interesting prospectives in new power cycles for electricity plants. In spite of the limited
development efforts for AFC technology, it is still competitive with other fuel cells for
power applications. Further improvement in the AFC technology is still possible and will
strengthen this position [50], [51].

Overall, it appears that the AFC continues to have potential to succeed in certain
market applications, but needs some further development to address potential solutions
for the sensitivity of the AFC to CO; in the oxidant stream [54].

1.3.2.3 Phosphoric Acid Fuel Cells (PAFCs).

Bizzarri and Morini [41] mentioned that for a four 200 kW PAFCs hybrid plant
implemented for the operation of a hospital HVAC system, the electricity produced from
the fuel cells could almost provide the monthly needs except during the summer.

However, even in this season, the fuel cells could supply around 70% of the electrical
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need. The heat recovered from the four cells could be exploited to supply some of the
needed heat, while the remainder could be provided by high efficiency gas-fired boilers
so that the production of the boilers could be lowered by 17% in January and up to 45%
in October. Regarding primary energy, it was found that the hybrid system would lower
the hospital’s primary energy needs by more than 4925 MWh/year. In a conventional
system, CO, emissions associated with the production of 1 kWh of electricity are
estimated at 0.7 kg while in fuel cells system the value reduces to 0.19 kg CO,/kWh.
Moreover, using heat recovery for thermal usage with a reduction in boiler use lowers
pollution. Hence, CO, emissions associated with all processes associated with the
electrical and thermal requirements decreased from 6999 to 3163 tons/year [41].
Regarding maintenance, fuel cells require some regular upkeep such as periodic
filter changeout and maintenance for pump and fans no more than once a year [47]. An
economic analysis for the hybrid fuel cell system showed that the electricity cost is 0.085
€/kWh. Likewise, 0.34 (€¢/Sm®* worth of natural gas is required to feed cogeneration
systems while 0.51 €/Sm®is needed for the conventional system. The annual interest rate
is assumed at 3% and the excepted life of the system is assumed to be 7 years[41].
Mohamed [58] discusses the use of commercially-available PAFCs to operate air
conditioning systems for big buildings in Kuwait. The proposed fuel cell system, which
is usually delivered with a built-in heat exchanger for hot water, is operated by natural
gas and uses a propylene glycol-water loop to recover thermal energy. The PAFC has a
200 kKW nominal electric power capacity, and produces thermal energy of 105 kW at 120
°C, and 100 kW at 60 °C. In his study, it was suggested that a combined mechanical
vapor compression and absorption water chiller is operated by fuel cells to utilize the fuel
cells’ full output as electric power and waste heat. Also, it is proposed to use a cold
storage technique in order to meet the required cooling capacity to supply cold water
during as the power output of PAFC is not enough to carry the full load. This allows fuel
cell power output to supply the needed energy for the average as well as the peak air
conditioning system capacity. The economy of the proposed solution is very promising

once the cost of the fuel cell becomes $2000/kW or lower.

!Standard cubic meters per hour, measured at standard metric conditions.
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1.3.2.4  Solid Oxide Fuel Cells (SOFCs).

An analysis of an integrated system that combines a SOFC power generation
system with an absorption heating and cooling system done by Zink et al. [59] showed
that such a system has the capacity to produce electric power, heating, and/or cooling for
buildings. The total system efficiencies in different modes are expected to reach 87% or
more. Such a system demonstrates great advantages in both technical and environmental
aspects. With the present development trends in fuel cells, it is likely that initial costs for
the SOFCs will reach commercially-viable levels within the next decade. The economic
and environmental analysis of the proposed system illustrates how it is superior to current
power and heat supply technologies.

Baniasadi and Alemrajabi [60] in their research of combining SOFCs with a
recovery cycle for the sake of electric power, cooling load, and domestic hot water
demand of a hotel, stated that hot exhaust gases of SOFCs are potentially applicable in
heat recovery systems. Results of the research showed that for energy generation and
heat recovery cycles, a maximum efficiency of 83% (based on fuel lower heating value,
LHV), all the electrical energy and cooling load, and 40% of hot water demand could be
provided by this cycle. Moreover, about 49% of the input exergy could be efficiently
recovered for energy requirements of a building.

Alanne et al. [61], in their study of SOFCs as an energy source for residential
applications, showed that SOFC technology is an alternative to heating systems based on

oil and electrical furnaces and is a major competitor for such systems.

1.3.3 Solar energy.

Solar thermal energy is the most abundant renewable source of energy and is
available in both direct and indirect forms. The sun emits energy at a rate of 3.8 x 10%
kW, of which approximately 1.8 x 10 kW is intercepted by the earth. About 60% of
this amount, or 1.08 x 10, reaches the surface of the earth. The rest is reflected back
into space and absorbed by the atmosphere. About 0.1% of this energy, when converted
at an efficiency of 10%, would generate four times the world’s total generating capacity
of about 3000 GW. It is also worth noting that the total annual solar radiation falling on

the earth is more than 7500 times the world’s total annual primary energy consumption of
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450 EJ (Exa Joule = 10* joule). The annual solar radiation reaching the earth’s surface,
approximately 3,400,000 EJ, is an order of magnitude greater than all the estimated
(discovered and undiscovered) non-renewable energy resources, including fossil fuels
and nuclear energy. Due to the fact that the efficiency of solar thermal and photovoltaic
collectors is generally low at the time being, the effectiveness of solar cooling would be
closely related to the availability of solar irradiation, climatic conditions, and geographic
location [1] and [62].

Using solar energy for generating both electrical energy and water-heating
applications has been an attractive proposal for many years. Many combinations of solar
electricity generation and heat generation systems have been studied to cover the bulk
requirements of residential houses. Generally, depending on the type of solar cells used,
some of the 80-95% of the collected energy is not converted to electricity and therefore,
constitute a loss and at the same time heat the modules. Hence, large area solar modules
absorb considerable amounts of solar radiation that also generate excessive heat. This
excessive heating of modules serves to lower the conversion efficiency of the modules by
about 3-6% for 1°C. Many systems have been designed to remove this excessive heat
and to utilize it as a source of energy for some other applications [63].

Solar energy as heat can be used as an energy source for building HVAC systems
so that energy is conserved and the environment is protected by avoiding CO, emissions
released through burning fossil fuels for electrical power production purposes. Due to
large surfaces exposed to solar radiation, buildings offer an ideal platform for distributed
solar energy production compared to other energy-consuming utilities [64].

Kim and Ferreira [65] stated that as cooling demand increases with the intensity
of solar radiation, solar refrigeration has been considered as a logical solution. During
the 1970 oil crisis, solar refrigeration received great interest. There were many projects
for development or demonstration of solar refrigeration technologies and solar
refrigeration continued to be an important issue in the 1980s. The study conducted by
Kim and Ferreira presented different technologies to deliver refrigeration from solar
energy and showed that solar thermal with a single-effect absorption system appears to be
the best option, closely followed by the solar thermal with a single-effect adsorption

system, and by the solar thermal with a double-effect absorption system.
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Qu et al. [66] mentioned that solar thermal energy can be used in an absorption
cycle, a desiccant cycle, or a mechanical process for cooling purposes. However, a solar
absorption cycle is more reliable, feasible, and quiet in comparison with solar desiccant
cycles and mechanical processes.

Thirugnanasambandam et al. [1] did an economic comparison of a solar-powered
single, double effect vapor absorption air-conditioning system and a vapor compression
system using the present worth comparison method along with the equivalent annual
comparison method. They suggested that a double effect solar air-conditioning system is
more suitable for HVAC applications.

Fong et al. [62] conducted a comparative study for five types of solar cooling
systems for a typical office in subtropical Hong Kong, which is known for its hot and
humid summers. The solar cooling systems include solar electric compression
refrigeration, solar mechanical compression refrigeration, solar absorption refrigeration,
solar adsorption refrigeration, and solar solid desiccant cooling. In addition, different
installation strategies and types of solar collectors were compared for each kind of solar
cooling system. The key performance indicators were solar fraction, coefficient of
performance, solar thermal gain, and primary energy consumption. It was found that the
performance of the five refrigeration systems from highest to lowest is as follows: solar
electric compression, solar absorption, solar adsorption, solar solid desiccant cooling, and
solar mechanical compression refrigeration. Solar electric compression refrigeration
makes use of solar electric gain while solar absorption refrigeration adopts solar thermal
gain. These two solar cooling systems would have even better performance through the
continual advancement of the solar collectors. They provide a promising application
potential of solar cooling for buildings.

Yoshie et al. [67] proposed a new HVAC system for condominiums that makes
use of solar heat and outdoor cool air by integrating solar collectors with the balcony
handrail, the 24-h ventilation system, and under-floor space. They have carried out
experiments and computational fluid dynamics (CFD) studies on a solar heat collector
integrated with the balcony handrail and calculated dynamic thermal load on a model
condominium. The results showed that the proposed system has high performance, both

for energy saving and thermal comfort.
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Ortiz et al. [68] did a numerical model for a solar thermal-assisted HVAC system
in a 7000 m? educational building in a high desert climate to predict its performance and
optimize its parameters. The system was composed of a solar collector array, hot storage,
cold storage, absorption chiller, chilled water heat exchanger, steam heat exchanger, solar
heat exchanger, and air handling units. The system was used for space heating in the
winter and electricity production in the summer. The modes of operation of the system
depended on the time of the day and on the season of the year. It was found that using
solar energy can cover over 90% of the total heating requirements and solar cooling can
reduce the need to use external cooling energy by 33-43%.

Johnston [69] did a study on a building-integrated solar energy system installed
on Chinese-style buildings in which the panels were mounted on the walls and roofs. He
came to the conclusion that potential savings of up to 15% in space heating, and up to

55% in air conditioning energy demand can be achieved.

1.3.3.1  Solar thermal collectors.

A literature review on flat plate, parabolic trough, vacuum tube, and evacuated
tube solar collectors is provided in this section.

Flat Plat Collectors (FPSC).

Farahat et al. [70] developed an exergetic optimization of flat plate solar
collectors in order to determine their optimal performance and design parameters by
carrying out a detailed energy and exergy analysis though a simulation program. The
results showed that the exergetic efficiency increases with increasing the incident solar
energy per unit area of the absorber plate while it decreases rapidly when the ambient
temperature and the wind speed increase. Since these parameters change during the day
(and to attain the maximum exergetic efficiency), the solar collector operating conditions
should change during the day and the design of solar collector should be based on the
daily average of these parameters.

Marcos et al. [71] designed and tested an experimental solar space heating and
cooling facility. The design was based on a new type of flat plate solar collector. The

solar facility comprised a 48 m? (with a net area of 42 m?) solar collector field, a 25 kW
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plate heat exchanger, a 1500 L storage tank, a 4.5-kW air-cooled absorption chiller, and
several fan coils. The facility had been used to heat and cool an 80 m? lab (the average
area of Spanish homes). The system could meet 65.3% and 46% of the space heating and
cooling demand, respectively. The savings in CO, emissions compared to conventional
air conditioning ranged from 556.9 kg of CO, (compared to a heat pump) to 2658.1 kg of
CO; (compared to coal-fuelled systems). The potential emissions reduction based on this

concept for the Spanish households is 19.8 million tons of CO,.
Parabolic Trough Collectors (PTSC).

Mazloumi et al. [72] in their simulation of a solar single-effect lithium bromide—
water absorption cooling system mentioned that the required heat energy of the generator
could be provided by a solar parabolic trough collector with direct water and an insulated
thermal storage tank. The largest collector area and storage tank capacity were required
for a day in July to supply the cooling loads of a typical house with a maximum load of
17.5 kW. The researchers concluded that the collector mass flow rate has a negligible
effect on the minimum required collector area while it has a significant effect on the
optimum capacity of the storage tank. The minimum required collector area could supply
the cooling loads for the sunshine hours of a day in July. The operation of the system has
also been considered after sunset by storing the solar energy.

A great deal of work has been conducted on solar HVAC systems, especially
solar-powered absorption cooling systems. Qu et al. [66] developed a solar thermal
absorption cooling and heating system that incorporates 52 m? of high temperature linear
parabolic trough solar collectors, a 16 kW double effect water lithium bromide
(LiBr/H,0) absorption chiller, and a heat recovery heat exchanger with circulation pumps
and control valves for the purpose of generating chilled and heated water for space
cooling and heating. The system could supply 39% of cooling and 20% of heating
energy for a building space if the system included a properly-sized storage tank and short
low diameter connecting pipes. Also, they concluded that the PTSC has high solar
efficiency compared to various flat plates and evacuated tube collectors when the solar
field operates at a high temperature. However, building characteristics and load profiles,
climate conditions and incident solar radiation profiles, physical limitations of the
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situation, and the economics of the energy supply should all be considered in the design
and operation of a solar absorption cooling and heating system [66].

A system studied by Mammoli [73] was made of PTSC which heats water in a
large hot storage tank to be delivered to an absorption chiller for space cooling or directly
to heating coils for space heating. Large chilled water storage tanks are used to cool the
building along with the absorption chiller and are charged off-peak and discharged during
the day. The system comprises a parabolic trough solar collector, a LiBr/H,O double-
effect absorption chiller, a thermal storage unit, a heat recovery space from electric heat
pumps, a generator, a heat exchanger, fans and pump motors with variable frequency
drives (VFDs), and a direct digital control (DDC) system.

Masson and Qu [74] have developed an integrated solar cooling system with
parabolic trough collectors, a double effect absorption chiller, and hot/cold water storage
tanks. They suggested optimizing the system based on different parameters such as
volume and insulation thickness of the cold/hot storage tank.

Wang and Zhai [75] developed a solar absorption air-conditioning system driven
by parabolic trough solar collectors. In this system, chilled water produced by the solar
cooling system is stored in a cold storage water tank. This means that chilled water
produced by the solar cooling system in the spring could be stored for later use in the
summer. It was reported that the cooling output could attain 266 kW with a
corresponding thermal COP of 0.8. The solar COP was 0.2-0.3 and the average solar

collecting efficiency exceeded 40%.
Vacuum Tube Solar Collectors (VTSC).

Eicker and Pietruschka [34] designed a simulation model for a solar thermal
absorption chiller combined with a stratified storage tank, steady-state or dynamic
collector model, and hourly resolved building loads. Vacuum tube collectors were used
with sizes between 1.7 and 3.6 m? per kW cooling load to cover 80% of the cooling load.
The results showed that buildings with the same maximum cooling load and different
load time series required collector areas varying by more than a factor of 2 to achieve the
same solar fraction. The best solar thermal efficiency was 45% for high full load hours

of nearly 2000 h. The total system cost for commercially-available solar cooling systems
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is between 180 and 270 €/ MWh, depending on the cooling load file and the chosen
control strategy. The total costs are dominated by the costs for the solar thermal system
and the chiller itself. For a more moderate climate with low cooling energy demand, the
costs can rise as high as 680 €/ MWh.

Agyenim et al. [76] studied the performance of a domestic scale prototype
experimental solar thermal absorption cooling system based on a LiBr/H,O absorption
chiller that consists of a 12 m? vacuum tube solar collector, a 4.5 kW LiBr/H;0 single
effect absorption chiller fired by hot water to produce chilled water, a 40 kW heat
exchanger, a 1000 L cold storage tank, and a 6 kW fan coil unit. The performance of the
individual components in the system were studied based on the physical measurements of
the daily solar radiation, ambient temperature, inlet and outlet fluid temperatures, mass
flow rates, and electrical consumption by component. The system was used to supply
cooling to an 82 m® office. The results of the study showed that the system’s average
thermal COP was 0.58 based on the thermal cooling power output per unit solar thermal
energy available. The system’s average ambient temperature was24 °C while the
electrical COP 3.64 with an average chiller inlet temperature of 77.1 °C.

In order to improve the COP of the system, thermal storage is required to store
excess energy where for every kW of chilled water, a storage capacity of 180 and 250 L
is required. Although the developed system is not commercially competitive for cooling
applications due to large costs, it is technologically competitive compared with the
current vapor compression systems. To promote the system’s commercial competition, it
is recommended that the system be integrated into domestic hot water (DHW) and space

heating systems to meet the heat demand during the winter [76].
Evacuated Tube Solar Collector (ETSC).

According to Wang and Zhai [75], the largest solar cooling system in China is the
demonstration project at Beiyuan, which was constructed in 2005. In this system, heating
pipe-evacuated tubular solar collectors were installed on the roof. As the solar cooling
system is the thermal driving source, solar collectors of this type are characteristic of high

thermal efficiency as well as frost-resistance.
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Based on the literature review of solar thermal collectors, FPSC and PTSC have
been chosen to be integrated with the double effect and triple effect absorption cooling

systems, respectively.

1.3.3.2  Solar photo-voltaic collectors (PV).

Photovoltaic (PV) technology is one of the finest ways to harness solar power.
Vast research is being carried out on this technology, and a significant improvement in its
performance has been achieved[77].

Tiwari et al. [78] conducted a review of available literature on thermal modeling
of photovoltaic modules. Even though commercial PV modules are available and being
widely deployed, it is suggested to carry out more research to improve cost-effectiveness
and performance and target well-known issues to increase their competitiveness.
Different PV modules have demonstrated substantial improvements and transformations
over the past 40 years and are expected to undergo developments in the following
decades. PV cells and modules have therefore been under development. PV modules can
be wused in buildings, transportation, standalone devices, agriculture, medical
refrigeration, and street lights [78].

Building Integrated Photovoltaic (BIPV) adoption varies greatly by, and within,
countries depending upon the climate, environment, electricity industry structure,
government policies, local product offerings, market stimulation mechanisms, consumer
demand, existing industrial capabilities, and the forms of tariff arrangement for grid-
connected PV power generation. BIPV modularity results in short installation times, and
the lack of moving parts reduces the need for maintenance [79].

In building integrated PV systems, an overall energy scheme must be developed
for the building at the beginning of the construction project because the energy
requirements for a building are initially determined and affected decisively in the drawing
board stage by the layout of the building shape, orientation, and use. This will help in
easily selecting the most suitable solar energy techniques according to cost-effectiveness.
Doing so will avoid some problems associated with solar thermal energy systems such as

the losses resulting from the conversion of heat to cooling capacity in the case of space
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cooling. If not considered properly in the design stage, this process has the capacity to
completely offset any advantage gained from the solar system.

On the other hand, solar PV energy can easily displace a large fraction of
traditional heating sources in the case of space heating. Typically, an absorption chiller is
used to utilize the heat produced by the solar thermal array for cooling. The system also
includes hot and cold thermal storage and an evaporative cooling tower to dispose of the
rejected heat from the chiller [73],[80].

The incorporation of PV modules can be used in both existing and new buildings.
It can be used as a shading system, window pane, building exterior paneling, and for
many other purposes [80].

Bazilian et al. [81] conducted a thermographic analysis on a residential-scale
building integrated photovoltaic (BiPV) cogeneration system that is based on roofing
technology with a heat recovery unit in which a PV array is acts as a roofing element as
well as a power producer. They concluded that convection of the air behind the panels
can aid PV panel cooling and provide a heat source for space heating. In addition, the
heat recovery unit utilizes the waste heat from the back of the array while cooling PV
cells. Also, waste heat from the system array can be utilized to increase the system’s

efficiency and in turn, its economics.

1.3.3.3  Solar photo-voltaic thermal collectors (PV/T).

Joshi and Tiwari [82]conducted exergy and energy analyses of a hybrid
photovoltaic—thermal (PV/T) parallel plate air collector. For the performance of a PV/T
collector to be evaluated, the value of electricity versus heat from the collector should be
determined. Their analysis showed an increase of about 2-3% exergy due to thermal
energy in addition to its 12% electrical output from PV/T system, which makes an overall
electrical efficiency of about 14-15% of the PV/T system.

Charalambous et al. [83] in their literature review found that PV/T efficiencies
could range from over 70% for a perfect collector to less than 60% for a low-quality
collector. Air PV/T collectors are generally less efficient than liquid ones.

Moreover, since the sheet and tube design is the easiest to manufacture and is

only 2% less efficient, it is the most promising of design concepts. The thermal
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performance of a coverless PV/T collector is reduced especially at high temperatures due
to heat losses from the top. However, the coverless PV/T collectors have a better
electrical performance. The optimum PV/T collector flow rate was found to be in the
range of 0.001-0.008 kg/s.m?, whereas a value of 0.015 kg/s.m? was also reported. Thus,
optimum flow rate studies need to be investigated further.

PVIT collectors are very promising devices and further work should be carried out
aiming at improving their efficiency and reducing their costs, making them more
competitive. This would aid the global expansion and utilization of this environmentally-
friendly renewable energy device [84].

A literature review conducted by Thirugnanasambandam et al. [1] realized a new
approach of domestic heating and cooling by using solar PV/T collectors with an
efficiency of 9% via studying the performance of the collector in varying geographical
regions with different total surface areas. They confirmed that PV/T technology offers a
feasible solution for the problem of domestic heating and cooling.

The thermal and electrical parameters of a PV/T air collector include solar cell
temperature, back surface temperature, outlet air temperature, open-circuit voltage, short
circuit current, maximum power point voltage, and maximum power point current,
among others [85].

In this research, a PV/T collator is integrated with a triple effect parallel flow

absorption cooling system to produce 10 kW of cooling load.

1.3.3.4  Working fluids for solar collectors.

Air or water can be used as the working fluid for FPSCs and PV/Ts. However,
water collectors are generally more efficient than air ones as water has a high heat
transfer rate due to high thermal conductivity. Therefore, water is used as the working
fluid in FPSCs as it has a simple configuration and will be used for thermal output only.
On the other hand, air is used in the PV/T system so that the device is more compact,
lightweight, and easy to install as it is a combination of solar thermal and PV collectors.
In addition, the use of air avoids the need for special heat transfer fluids (oil or glycol) to
withstand freezing conditions. Also, corrosion and leakage though joints and ducts are

less of a concern [83].
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The working fluid in the concentrating solar collectors could be water or a
commercial oil. In this research, Therminol 66 oil was selected as the working fluid for
the PTSC. It can be used in both thermal solar systems and thermal storage tanks.
Therminol 66 is a high-performance, highly stable synthetic heat transfer fluid due to the
unique stability of the polyphenyl structure. It operates at temperatures in the range of
85°C to 400°C and is intended for use in systems operating at or near atmospheric
pressure within its recommended operating temperature range. It is suitable for most
process heating and cooling or waste heat recovery applications. Therminol 66 offers

potential savings in both capital and operating costs [86].

1.3.3.5 Thermal energy storage.

As time delays, available power production, availability of energy and its
consumption, and intermittency are major problems associated with solar energy, thermal
storage is used as an attractive and economical energy management resource [68],[72].

Thermal energy storage (TES) units guarantee a more efficient usage of the
collected solar energy. According to Viorel [87], a small TES unit discharges more
rapidly during time periods with higher thermal loads. However, the larger TES units
provide heat during longer time periods, even if the heat flux they supply is generally
smaller. The maximum heat flux is extracted from the TES unit during the morning. The
study showed that a photovoltaic array is able to provide all of the energy required to
drive a space heating system in mid-summer on clear days. The results also showed that
the operation of the solar system at temperatures close to and below room temperature
would decrease the collector losses and allow more energy to be collected. The operation
of a TES unit is similar to the common heat exchangers. However, the TES unit is either
being charged or discharged at any given time, so that its operation is essentially
unsteady. Energy storage is important when the energy source is intermittent, as is the

case with solar energy.

1.3.4 Hybrid energy (fuel cells/PVT) based HVAC system.

For hybrid energy systems, the photovoltaic panel group constitutes the primary
energy supplier of the system while the fuel cell group is the secondary supplier if the
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area is sunny throughout the year [88]. As is the case with all solar energy systems, non-
solar supplementary sources of energy are required to meet the demand when solar
energy is insufficient [69].

Medrano et al. [89] studied the integration of an advanced Distributed Generation
(DG) of Combined Cooling, Heat, and Power (CCHP) composed of three types of DG
technologies (high-temperature fuel cells, micro-turbines, and photovoltaic solar panels)
into four types of commercial buildings (small office building, medium office building,
hospital, and college/school). They showed that the high-temperature fuel cell
performance is best matched with the hospital energy loads, resulting in a 98% DG
capacity factor, 85% DG heat recovery factor, and $860,000 in energy savings (6 years
payback). Also, the introduction of thermally-driven double-effect absorption cooling in
the college building with the high-temperature fuel cell significantly reduces the
building’s electricity-to-thermal load ratio and boosts the heat recovery factor from 37%
to 97%.

In this research, PTSCs along with PV/Ts are integrated with a 10 kW triple effect
absorption cooling system.

1.4 Scope and Objectives

The scope of the research is to improve cooling systems using alternative sources
of renewable energy and methods of operation by developing different integrated hybrid
systems to come up with a novel renewable energy-based absorption refrigeration system
for sustainable building operations.

The main objective of this research is to propose alternative cooling systems by
integrating selected renewable energy sources with an absorption refrigeration system
that can solve the high energy demand and high emissions issues associated with
conventional cooling systems.

The research specifically aims to:

1. Identify the problems related to the energy used in conventional HVAC systems.

2. Develop the following integrated systems:

57



= PEMFC-Based HVAC Cooling System

= FPSC-Based HVAC Cooling System

= PTSC-Based HVAC Cooling System

= PV/T-Based HVAC Cooling System

= PEMFC-FPSC-PV/T-Based HVAC Cooling System

3. Examine the operating principles and design parameters of PEMFC, FPSC, PTSC,
PV/T, DEAS and TEAS.

4. Perform thermodynamic (energy and exergy) analyses of the integrated systems.

5. Conduct a parametric study to investigate the effect of variation in design parameters
on the systems’ efficiency, performance, heat gain, and output power.

6. Compare the integrated systems in order to determine the most efficient design that
can provide the required power, has high efficiency, is cost effective, and can be

applied in residential and commercial buildings in the UAE.

1.5 Research Methods and Materials

The methodology used in the research starts with the design of PEMFC, FPSC,
PTSC, PVT, DEAS and TEAS using Microsoft Visio. Then, these systems are modeled
to determine their properties and output data using Engineering Equation Solver (EES).
Afterward, energy analysis is carried out to investigate the overall performance of the
subsystems. Exergetic analysis is also conducted as it is a powerful tool for developing,
evaluating and improving energy conversion systems. These subsystems are then
combined and analyzed as integrated systems where the overall performance of the
integrated systems is well examined.

Finally, a parametric study is conducted to study the effect of the variation in
operating parameters on the performance of the integrated systems. This helps in
determining the operating conditions that provide the best performance and select the

optimum integrated system.
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1.6 Thesis Organization

Chapter one outlines the need for the research, giving the problem statement and
significance of the research. Also, it covers background information about fuel cells and
solar energy along with absorption systems. A comprehensive literature review is
conducted and the scope along with the objectives are stated briefly. Research methods
and materials followed in the research are also provided. Finally, brief research results
and a summary of key findings are presented.

Chapter two provides schematic diagrams of the proposed integrated systems
along with the systems’ descriptions. Chapter three covers modeling and analysis of the
integrated systems. Chapter four presents detailed results obtained from thermodynamic
analysis and parametric study of the different systems and also provides a discussion of
results for the systems’ performance. Finally, conclusions and recommendations of the
present research are provided in chapter five for further development of the proposed
systems.
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Chapter 2 Configurations of Integrated Systems

In this chapter, schematic diagrams of the integrated systems are provided and the

operational principle of each system is explained in detail.
2.1 Absorption Cooling System

Descriptions and schematic diagrams of double effect and triple effect absorption
cooling systems with parallel flow configuration are provided in this section.

2.1.1 Double Effect Absorption System (DEAS).

In the double effect parallel flow absorption cycle, Fig. 2.1, a lithium
bromide/water (LiBr/H,QO) solution leaves the absorber as a weak solution at state 1 and
is distributed to two generators, low and high temperature generators (LTG and HTG,
respectively). The weak solution coming from the absorber at state 11 is heated through
the high temperature heat exchanger (HHEX) to leave as a strong solution at state 12.
The strong solution at state 12 passes through the HHEX in order to preheat the weak
solution at state 19 coming from the LHEX. The strong solution from the LTG (state 18)
with the strong solution coming from the HHEX (state 13) passes through the low
temperature heat exchanger (LHEX) to preheat the weak solution from the absorber (state
2) and leave at state 4. The strong solution at state 5 enters the expansion valve where
the pressure and the temperature are dropped to enter the absorber at state 6. In the
absorber, the strong solution (state 6) absorbs the water vapor leaving the evaporator
(state 10).

Meanwhile, the heat input to the HTG from an external heat source is used to boil
off water vapor (state 15) from the LiBr/H,O solution at state 11. The water vapor
generated in the HTG (state 15) supplies energy to boil off water vapor (state 7) from the
LiBr/H,O solution (state 14) in the LTG. The water at state 7 goes directly into the
condenser while at state 16 it enters the expansion valve where a drop in the pressure and
temperature occurs. Water vapor from both generators (states 7 and 16) is cooled down

in the condenser. The water at state 17 mixes with the water at state 7 to leave at state 8
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as saturated liquid water. The saturated water then passes through the expansion valve
and leaves at state 9 where a drop in the pressure and temperature is achieved to enter the
evaporator. In the evaporator, heat is added so that the saturated liquid water gets
evaporated at low pressure (state 10), thereby providing cooling to the space to be cooled.
The water leaves the evaporator as saturated vapor water and enters the absorber where it
mixes with the solution and leaves at state 1 as a weak solution to enter the pump and

repeat the cycle.
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Fig. 2.1 Schematic diagram of the double effect parallel flow absorption cooling system.
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2.1.2 Triple Effect Absorption System (TEAS).

In the triple effect parallel flow absorption cycle (Fig. 2.2), the weak solution
leaving the absorber at state 1 is distributed to three generators, low, medium, and high
temperature generators (LTG, MTG, and HTG respectively). The weak solution coming
from the absorber at state 11 is heated through the high temperature heat exchanger
(HHEX) to leave as a strong solution at state 12. The strong solution at state 12 provides
heat in the HHEX and mixes with the medium solution coming from state 28 and leaves
at state 29. The medium solution from state 29 then provides heat in the medium
temperature heat exchanger (MHEX) and mixes with the medium solution from state 18
to leave at state 4 as medium solution lower in temperature than that at state 29. This
medium solution then enters the low temperature heat exchanger (LHEX) where it
preheats the weak solution coming from state 2. The medium solution at state 5 enters
the expansion valve where the pressure and the temperature are dropped to enter the
absorber at state 6.

The heat input to the HTG from an external heat source is used to boil off water
vapor (state 15) from the LiBr/H,O solution at state 11. The water vapor coming out
from the HTG at state 15 enters the MTG where it heats the weak solution at state 25 and
leaves as water vapor at state 24. The vapor at state 24 enters the LTG and heats the
weak solution coming from state 14 and leaves as water vapor at state 7 and state 16.
Water at state 7 goes directly into the condenser while at state 16 it enters the expansion
valve where a drop in the pressure and temperature occurs. Water vapor from both
generators (states 7 and 16) is cooled down in the condenser. The water at state 17 mixes
with the water at state 7 to leave at state 8 as saturated liquid water. The saturated water
then passes through the expansion valve and leaves at state 9 where a drop in the pressure
and temperature is achieved to enter the evaporator. In the evaporator, heat is added so
that the saturated liquid water gets evaporated at low pressure (state 10), thereby
providing cooling to the space to be cooled. The water leaves the evaporator as saturated
vapor water and enters the absorber where it mixes with the solution and leaves at state 1

as a weak solution to enter the pump and repeat the cycle.
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Fig. 2.2 Schematic diagram of the triple effect parallel flow absorption cooling system.
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2.2 PEMFC-Based HVAC-Cooling System.

A schematic diagram of the PEMFC-based HVAC-cooling system is provided in
Fig. 2.3. The PEMFC unit consists of an anode, cathode, and electrolyte along with
hydrogen cylinders as fuel. In the PEMFC, the fuel is hydrogen and the charge carrier is
the proton. At the anode, the hydrogen is supplied to the hydrogen flow plate where the
molecules are stripped of their electrons and the positively-charged protons diffuse
through one side of the membrane and migrate toward the cathode. On the other hand,
the electrons flow through an external circuit from the anode to the cathode and produce
electric power as the membrane electrolyte allows hydrogen protons to pass through but
prohibits the passage of electrons. At the cathode, oxygen from the air is supplied and
combined with the electrons and the hydrogen protons to form water. The generated
power and heat are then supplied to the HTG of the DEAS and a small amount of the
power produced is used to run the solution pump. Also, the excess water generated from
the fuel cell unit can be utilized for domestic water usage.
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Fig. 2.3 Schematic diagram of PEMFC-based HVAC-cooling system.
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2.3 FPSC-Based HVAC-Cooling System.

Fig. 2.4 shows a schematic diagram of the solar-powered absorption cooling
system. The system consists of a single cover liquid-based flat plate solar collector of
area 0.5m? tilted35° from the horizontal with water as the working fluid, and a 0.5 m® hot
water storage tank used to operate a 10 kW cooling capacity double effect parallel flow
LiBr/H,0 absorption chiller.

The FPSC is composed of an insulated metal box with a glass cover which serves
as a heat trap by admitting shortwave solar radiation and retaining longwave thermal
radiation and a dark-colored absorber plate used to heat liquid water. When the solar
radiation passes through the transparent cover and strikes the blackened absorber surface
of high absorptivity, a large portion of this energy is absorbed by the absorber plate and
converted into heat energy and also transferred to the water flowing through the collector
tubes. The water is heated to a temperature considerably less than that of the boiling
point so that it is integrated with a double-effect absorption system as it is best suited to
low temperature applications. The FPSC is fixed in position as it requires no tracking of
the sun.

A closed-circuit stainless steel storage tank is used to store the heated water where
part of it is fed directly to the HTG and the remaining is stored for later use for absorption
system operation or to cover domestic hot water demand. In the closed circuit, the water

stored in the storage tank is circulated directly from the storage tank through the FPSC.
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Fig. 2.4 Schematic diagram of the FPSC-based HVAC-cooling system.
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2.4 PTSC-Based HVAC-Cooling System.

A schematic diagram of the proposed PTSC-based HVAC-cooling system is
shown in Fig. 2.5. The system is composed of a 10 m? PTSC, a circulating pump, and a
0.5 m® hot oil storage tank used to provide the required heat input to the generator used to
drive a 10 kW cooling capacity triple effect parallel flow LiBr/H,O absorption chiller.
The PTSC considered in this system uses Therminol-66 oil as the working fluid as it can
be used in both thermal solar systems and thermal storage tanks.

When the solar radiation falls on the PTSC, only part of the radiation is absorbed
by the collector and the remaining is reflected to the surroundings. A metal black tube,
covered with a glass tube to reduce heat losses that can take place by radiation and
convection, is placed along the focal line of the receiver. When the parabola is pointed
toward the sun, the parallel rays that fall on the reflector are reflected onto the receiver
tube.

The radiation absorbed by the PTSC causes Therminol-66 oil pumped from the oil
storage tank to the receiver to be heated up. The heated oil then flows back into the
storage tank where the heat gained by the PTSC from the solar radiation is accumulated.
Hot oil from the storage tank is then used as a heat source to drive the HTG of the TEAS.
The oil storage tank temperature, taken as a heat source temperature, changes through the

day; however it could be controlled by a differential thermostat controller.

68



v Isneyx3

aoedg
pauonipuod

Iy
wnjey

jun lo uey

1y Addng

U

L/

VAAAAN
Jojeiodeny

T
I
I
I
6]
I
gl
I
I
I

8l

¥ Jeqlosqy

)

[T

==

Jabueyox3y
183H
-dwaj moq

Jasuepuo) = —{><U— —
(g L

I0JRIBUD
‘dwa] moq

J9MO |

Buijoon
uonn|og OFHMGI ¢---===-
juesebujey Jolepy ¢ — —

JB)BM PIOD -
JO)BM J0H 4— - —

vl

JOJRIBUS:!

-
~N
o
N

6l

Jabueyox3y
183H
wa ] wnipa

“die ) wnipap [ __ o ez
| Jebueyox3y
| 18H
| ‘dwa ] ybiH
T 1
S v“ 43 ﬁ_;
L Jojesauas)

L 2

abeio)g

Hue

$10J0800
1ejog yBnou] dlogesed

souelpe| Jejos

Fig. 2.5 Schematic diagram of the PTSC-based HVAC-cooling system.
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2.5 PV/T-Based HVAC-Cooling System.

A schematic diagram of the PV/T-based HVAC-cooling system is shown in
Figure 2.6. A glass-to-glass PV module is considered in this system. A parallel flat plate
is provided below the glass base of the solar cells to regulate the passage of the working
fluid. In this system, air is used as the working fluid. Solar radiation is absorbed by the
solar cells and the black surface while the flowing air inside the duct is heated by
convective heat from the black surface and heat conducted from the solar cells through
the glass cover placed below the solar cells. Part of the solar radiation is converted into
electrical energy and the remaining is converted into thermal energy available from the
black surface. Power and heat generated by the PV/T system are used to drive the TEAS
by supplying power and heat to the HTG.
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Fig. 2.6 Schematic diagram of the PV/T-based HVAC-cooling system.
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2.6 Hybrid PEMFC-PTSC-PV/T-Based HVAC-Cooling System.

A schematic diagram of the hybrid PEMFC-PTSC-PV/T-based HVAC-cooling

system is shown in Fig.2.7. The generated power from PEMFC and PV/T is used to

power the High Temperature Generator (HTG) and a small amount of this power is

supplied to run the solution pump. Also, heat generated by the PEMFC, PTSC, and PV/T

is used as a heat source to drive the HTG of the DEAS. Also, the excess water generated

from the PEMFC unit can be utilized for domestic water usage.
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Fig. 2.7 Schematic diagram of the hybrid PEMFC-PTSC-PV/T-based HVAC-cooling system.
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Chapter 3 Systems Modeling and Analysis

In order to study the performance of the integrated systems, mathematical and
thermodynamic models are developed. The mathematical model helps in identifying the
operating conditions of the system. The thermodynamic model demonstrates
thermodynamic behavior of the system and provides a prospective idea of the overall
performance of the system. The thermodynamic model covers energy and exergy
analyses. As the first law of thermodynamics does not provide the best possible
performance of system, second law analysis is required as it provides the true indicator of
the performance of an energy system from a thermodynamic point of view so that the
efficiency of a system is best described by its exergetic efficiency. All the analyses
conducted herein are programmed using Engineering Equation Solver (EES) software.

First, modeling and analysis of the DEAS and TEAS are conducted. The models
of the PEMFC, FPSC, PTSC and PV/T are provided in the subsequent sections.

3.1 Modeling of Absorption Systems

Mass, concentration, energy and exergy balances are presented in detail to model
double effect and triple effect absorption cooling systems (DEAS and TEAS).In order to
simulate the DEAS and TEAS, several assumptions are made, including the following:

The analysis is made under steady conditions.

- o

The refrigerant (water) at the outlet of the condenser is saturated liquid.

o

The refrigerant (water) at the outlet of the evaporator is saturated vapor.

o

. The lithium bromide solution at the absorber outlet is a weak solution and it is at the
absorber temperature.
e. Pressure losses in the pipelines and all heat exchangers are negligible.
f. Heat exchange between the system and surroundings, other than that prescribed by
heat transfer at the HTG, evaporator, condenser and absorber, does not occur.
g. The system produces chilled water.

h. The system rejects heat to cooling water at the condenser and absorber.
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3.1.1 Double Effect Absorption System (DEAS).

The design and operating parameters of the double effect absorption cooling

system are listed in Table 3.1.

Table 3.1 Design and operating parameters of DEAS.

Parameter Symbol Unit Value
Mass flow rate of refrigerant m kg/s 1.8 [90]
Absorber temperature T, °C 42 [90]
Temperature of HTG Tyc °C 145 190]
Temperature of LTG Tic °C 95 [90]
Condenser temperature Tc °C 40 [90]
Evaporator temperature Tg °C 4190]
Effectiveness of HHEX EHHEX - 0.9 [91]
Effectiveness of LHEX ELHEX - 0.9 [91]
Solution distribution ratio Dr - 0.5[92]
Temperature difference in HHEX ATyuex °C 65 [92]
Dead state temperature T, °C 25
Dead state pressure P, kPa 101.325

Mass, concentration, energy, and exergy balances at each component are

illustrated as follows.

For High Temperature Generator (HTG)

m12 + m15 = mll (3.1)

mlz "Xt m15 ‘X5 = rh11 “Xp1 (3.2)

le : h12 + m15 : h15 = mn : h11 + QHG (3.3)
S =m,-S.+M, S, —M, S, — Qo

genHG — "2 " 912 15 * 915 11" °11 (3.4)
THG

Xdest,HG = To : Sgen,HG (3.5)
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For Low Temperature Generator (LTG)

rh14 + m15 = m7 + m16 + m18 (3.6)
m14 “Xpg Tt m15 X5 = m7 "Xy + mlG “Xig t+ m18 “Xig (3.7)
Ifhl4 ) h14 + m15 ’ h15 = rh7 ’ h7 + ml6 : h16 + m18 ’ h18 (3.8)
S =M, -S, +M, S +M.-S,—M,-S,—M, S — Qo

gen LG — M7 797 16 * 916 18 " 218 14 " 914 15 " 915 T (3.9

LG

Xdest,LG :To : Sgen,LG (3.10)
For High Heat Exchanger (HHEX)
Qpnex = My '(hll - hlg) (3.11)
QHHEX = m13 '(hlz - h13) (3.12)
For Low Heat Exchanger (LHEX)
QLHEX = ms '(h4 - hs) (3.13)
QLHEX = mz '(h3 - hz) (3-14)
For absorber
m, - X, = Mg - X5 + My, - X (3.16)
m,-h +Q, =m, -hy +m, -h, (3.17)
S’ R . . QAbS

genA = My *Syo + Mg -Sg —M; -5, — (3.18)

Abs

Xdest,Abs :To : Sgen,Abs (3.19)
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For evaporator

mlO = rhg

My, - Ny =M, -hy + Q¢

A . . QEvap
Sgen,E =My -S;p =My - Sq _{T

Evap

T -S

dest,Evap = lo gen,Evap

X
For condenser

Mg = M, + My,

Mg - Xg =My - X7 + My, - X5

Mg 'h8 +Qc =m, -h, +m; -h;
S

gen,C =My S, +M; -, —My '88_{

><dest,Cond = To : Sgen,Cond
Separation point 1 (S1)
My = Mg + My,

Mixing point 1 (M1)

my, +Mmg =m,

QCond

Cond

76

|

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)



For pump

Wpump = h2 - hl (3.32)

V\./pump = m1(h2 - hl) (333)

The energy associated with the heat flowing out of the system should be equal to
the energy flowing into the system:

E.in = QHG + QEvap (334)

E.out = QCond + QAbs +Wpump (335)

An overall energy balance of the system requires that the sum of the heat transfer
of the generator, evaporator, condenser, and absorber be zero:

Etot = E'out - E‘in (336)

Energetic coefficient of performance:

COP,, = ;
Qo TWoum (337)
Thermal exergy of the evaporator [93]:
. T, )
X Evap,th — T -1] QEvap (338)
Evap
Thermal exergy of the HTG [93]:
. T, .
X HG,th — |:1_ T :|'QHG
HG (3.39)
Exergetic coefficient of performance [93]:
COP, = X eapn
Xt +Woump (3.40)
Exergy rate at each state
Xi =m, '[(hi - ho)_To '(Si =S, )] (3.41)
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3.1.2 Triple Effect Absorption System (TEAS).

The design and operating parameters of the triple effect absorption cooling system

are listed in Table 3.2.

Table 3.2 Design and operating parameters of TEAS.

Parameter Symbol Unit Value
Mass flow rate of refrigerant m kg/s 1.8 [90]
Absorber temperature T, °C 42 [90]
Temperature of HTG Tyc °C 180[40],[94]
Temperature of MTG Tume °C 145 190]
Temperature of LTG Tic °C 95 [90]
Condenser temperature T °C 40 [90]
Evaporator temperature Tg °C 4190]
Effectiveness of HHEX EHHEX - 0.85 [96]
Effectiveness of MHEX EMHEX - 0.9[92]
Effectiveness of LHEX ELHEX - 0.9 [91]
Solution distribution ratio Dr - 0.5[92]
Temperature difference in HHEX ATyuex °C 75 [96]
Temperature difference in MHEX ATyuEx °C 65 [92]
Dead state temperature T, °C 25

Dead state pressure P, kPa 101.325

For High Temperature Generator (HTG)
m,, +m,; =m;,
My, = Xy + Mg - Xyg = My - Xy

le : h12 + m15 : h15 = m11 : h11 + QHG

Sgen,HG = mlz St m15 "Si5 — m11 Sy~

Xdest,HG :To ) Sgen,HG

Qe
The
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For Medium Temperature Generator (MTG)

m12 + m15 = mll

My, - Xy + Mg - Xpg =My - Xy

rT.]12 'h12 + m15 : h15 = m11 : h11 + QMG

Sgen,MG =My, - Sy +Myg - Sys —My; - Sy _{

Xdest,MG :To ) Sgen,MG

For Low Temperature Generator (LTG)

my, +M; =m; + M+ Mg

m14'X14+m15'X15 =m7~X7 +m16'X16+m18’X18
m14'h14+m15'h15:m7'h7+m16’h16+m18'h18

Sgen,l_G = m7 Sy + mlG St m18 "Sig _m14 "Sia _m15 "S5 _|:

Xdest,LG :To ) Sgen,LG

For High Heat Exchanger (HHEX)

QHHEX = m23 ’ (hll - hzs)
—h

QHHEX =My '(h12 26)

For Medium Heat Exchanger (MHEX)

QMHEX =My - (hzz - th)
QMHEX =M, - (h29 - h13)

Que
TMG
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(3.47)

(3.48)

(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)

(3.56)

(3.57)
(3.58)

(3.59)
(3.60)



For Low Heat Exchanger (LHEX)

QLHEX =m; - (h4 - hs) (3.61)
QLHEX =m, - (hs - hz) (3.62)

For absorber

(3.63)
M, - X, = Mg - Xg + My, - X (3.64)
m, - hl + QAbs =M - he +My, - th (3.65)
S' o . o . QAbS
gen,Abs — Mg *Syg + Mg -Sg —M; -5, (3.66)
Abs
Xdest,Abs :To ) Sgen,Abs (3.67)
For evaporator
rh10 = rﬁ9 (3.68)
My - Xyg = Mg - Xg (3.69)
mlO : th = mg 'hg + QEvap (3.70)
S . . QEvap
Sgen,Evalp =My S =My~ Sq — (3.71)
Evap
Xdest,Evap = To ) Sgen,Evap (3.72)
For condenser
Mg - Xg =M, - X, + My, - X5 (3.74)
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ma 'h8 + QCOnd = m7 'h7 + r7.117 ’ h17 (3-75)

Sgen,Cond =My, S, +M;-S; —Mg -S4 _{ con (3.76)
Cond

Xdest,Cond :To : S.gen,Cond (377)

Separation point 1 (S1)

My =My + My, (3.78)

Separation point 2 (S2)

m,, =My + M, (3.79)

Mixing point 1 (M1)

m,, + Mg =m, (3.80)

Mixing point 2 (M2)

My, + Myg = My (3.81)

For pump

Wpump = h2 - h1 (3.82)

Wpump = ml'(hZ - hl) (3.83)

The energy associated with the heat flowing out of the system should be equal to

the energy flowing into the system.

Ein = QHG + QEvap (3.84)

E.out = QCond + QAbs +Wpump (385)
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An overall energy balance of the system requires that the sum of the heat transfer

of the generator, evaporator, condenser, and absorber be zero

E.tot = E.out - E.in (386)
Energetic coefficient of performance

COP QEV&P

en — A (3.87)
QHG +Wpump
Thermal exergy of the evaporator
. T, .
X Evap,th — |:T_ - 1:| : QEvap (388)
E
Thermal exergy of the HTG
: T, | -
Xpem =|1- T Qe (3.89)
HG
Exergetic coefficient of performance
COP, = =0 (3.90)
X HG,th +Wpump
Exergy rate at each state
Xi = rhi [(hl _ho)_To '(si - S, )] (391)
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3.2 PEMFC-Based HVAC-Cooling System

Mass, energy and exergy analyses of the PEMFC are provided in this section.
Fig. 3.1 shows the flows of mass, energy, and exergy into and out of the PEMFC. The
reactants are the oxygen and hydrogen and the products are water along with the depleted
oxygen and hydrogen. The exergy transfer in and out of the system is associated with
mass, heat and work. The input data used in this model is given in Table 3.3.

In order to develop the electrochemical and thermodynamic models of the
PEMFC for the sake of investigating the effect of various operating conditions on the

overall performance of the cell, the following assumptions are made:

a. PEMFC operates under steady state conditions.
b. All gases are treated as ideal gases.
c. Kinetic and potential exergies are neglected.
d. All overpotentials, activations, ohmics, and concentrations are considered.
_ > H < -
2 () = 2
c ho] o c
8 o PEMFC | S| £
3] 5: 8 3]
T > H < o]
(a)
W e
‘\‘Vwark
(. —
I’hm ‘ ’”Oz Jan # o .
. $ PEMFC s i, » "0
‘X'mass sin Ii7 o an # - "mass out
- — Mo .
Do
‘X"Heat

(b)

Fig. 3.1 Illustration of a PEMFC: (a) PEMFC unit. (b) Flows of mass, energy, and exergy in the PEMFC
(modified from [97]).
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Table 3.3 Design and operating parameters of PEMFC.

Parameter Symbol  Unit Value
Cell temperature Teenr K 300-360
Cell pressure Peont bar 3,4
Dead state temperature T, K 298.15
Dead state pressure P, bar 1
Anode pressure P, bar 1.3[97]
Cathode pressure P, bar 1.1197]
Gibbs free energy AG J/mole 249000
Change in Entropy AS J/mole-K 164.05
Faraday's constant F C/mole 96485
Universal gas constant R J/mole-K 8.314
Specific heat ratio for air and hydrogen k - 1.4
Average specific heat of air CPair kj/kg-K  1.005
Average specific heat of hydrogen Cpuy, kl/kg-K 143
Transfer coefficient a - 0.1668 [97]
Anode (H,) stoichiometry {4 - 1.1197]
Cathode(O,) stoichiometry {c - 2.5[97]
Air stoichiometry Cair - 3
Anode dry gas mole fraction Xy - 0[98]
Cathode dry gas mole fraction Xc - 3.76 [98]
Anode transfer coefficient a, - 0.5 98]
Cathode transfer coefficient ac - 1198]
Heat loss ratio THL - 0.2 [97]
Cell area Acenr cm? 640
Molecular weight of hydrogen My, g/mol 2.016
Molecular weight of oxygen Mo, g/mol 15.999
Molecular weight of water My, o g/mol 18.015
Higher heating value of hydrogen HHVy, kJ/kg 121100
Number of electrons involved n - 2
Number of fuel cells Nfe - 60
Current density i A/cm? 0-2
Maximum current density Imax A/cm? 0.1
Membrane thickness tmem cm 0.016, 0.018, 0.02
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The overall electrochemical reactions for a PEMFC fed with a hydrogen-
containing anode gas and an oxygen-containing cathode gas are given as follows:
Anode : 2Hy«> 4H+ +4e—

Cathode : O, +4H+ +4e—«> 2H,0
Overall : 2H; +O,< 2H,0 + electrical power+ waste heat

The total voltage of the PEMFC is the difference between the reversible voltage

and the irreversible voltage

rev

irrev (392)

Reversible cell voltage for a single PEMFC is ideally described by the Nernst

equation as follows [98]:

_AG  AS

rev. E + E(Tcell _To) + %[In(sz )+%In (poz )_ In(szo ):|

(3.93)
Where AS is the change in entropy (AS=164.05 kJ/kg.K)

Irreversible voltage is the sum of activation, ohmic, and concentration

overpotential losses [98].

V. =0+, . +0 (3.94)

irrev act ohmic conc

Activation overpotential can exist at both the cathode and the anode and is
calculated using the following formula [98]:
_aptoac RT

ce I
Uact - nF s In( |_)
X% 0 (3.95)

where i (A/cm?) is the current density and i, is the exchange current density (A/cm?)
which is in the form [99]:

i, =1.08x10* exp(0.086T,,, ) (3.96)
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The ohmic overpotential is mainly due to resistance in the electrolyte and is

defined as follows:

Ushmic = Rohmic'i (397)
where Ronmic is the cell resistance (Q cm?) and is in the form [100]:
Rohmic = tmem

O mem (3.98)

The membrane conductivity is determined as a function of the membrane water
content and fuel cell temperature [100]:

1 1
=(0.005139 4, —0.00326) exp| 1268 (— — —
Umem ( mem ) Xp|: (303 T )}

cell

(3.99)
Membrane water content is determined from the membrane water activity, a,

using the following equation [97]:

0.043+17.81a—39.85a° +39.85a°, 0<a =Xy, Pi <1

Anem = I;a‘ (3.100)
14+1.4(a-1), l<a=X,,——<3

sat

where Xu,0 is the water mole fraction and Ps is the saturation pressure at Tegy,.

The concentration overpotential results from the increased loss at high current
density. Itis given by [97]:
Ve = (8 )"

e (3.101)

where By, B, and imax are constants that depend on temperature and reactant partial

pressure and can be determined empirically. Bsis taken as 2 and imax as 2 Alcm?while B,
is defined as [97]:

(7.16 x107* T, —0.622)( Po,_ P,)+(-1.45x10°T,, +1.68), for Po_, P, <2atm
5= 0.1173 0.1173
=
(8.66x107°T,,, —0.068)( Po, P.)+(-16x10"*T,, +054), for Po, P, >2atm
0.1173 0.1173
(3.102)

Where the partial pressure of oxygen is calculated from the molar fraction of

oxygen and cathode pressure. The molar fraction of oxygen is calculated using air
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stoichiometry at the cathode, the cathode dry gas molar fraction, and the molar fraction of
water which is the ratio of saturation pressure at fuel cell temperature and cathode or

anode pressures as follows [98]:

Po, = Xo,-Pc (3.103)
Xno0c = 5
Pe (3.104)
1-x
on _ H,0,C
1+ XC{1+ éc}
21 -1 (3.105)

The same concept is used in the calculation of partial pressure of hydrogen but

considering the anode side [98]:

Pu, =X, P (3.106)
Xn,0,a = =
A (3.107)
1- XHZO,A
Xy, =
1+ XA{lJr L }
21 ¢l (3.108)

Finally, the total voltage of the fuel cell can be calculated in volts from Eq. (3.92)
and plotted versus the current density.

The power of a fuel cell is found by multiplying the total voltage by the current
density and fuel cell area:
i A

cell

WPEM =Viot (3.109)
Mass flow rate of inlet and outlet air, inlet and outlet hydrogen, oxygen and
hydrogen consumption rates and water production rate are calculated using the following

formulas [101]:

. Mo, . Ace _
o, . = {CX—ZZZLZ—F” x 1073 (3.110)
Ty, = (aMip, i 22 5 1073 (3.111)
. Ace -
02 roaee = Mo,i 55 X 1073 (3.112)
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y, = MHZL'% x 1073 (3.113)

moz,out = moz in + mozreact (3114)
mHZ'out - mHZin + mHZreact (3115)
Mo = Miyol S22 X 1073 (3.116)

The energy efficiency of the PEMFC system is then calculated using the
following formula:

w
mHZ inHHVHZ

NpPEM,en = (3.117)

The total exergy consists of physical exergy and chemical exergy. Physical
exergy is associated with the temperature and pressure of the matter while chemical
exergy is associated with the departure of the chemical composition of a system from the

environment.

Physical exergy for the reactants, oxygen and hydrogen, is determined using the

following formulas [102]:

e, = T [ (1~ 0752 (on (1) () e
et = o [325— (1- 0729 + (n (- 1) (529) o119

Exergy transfer by mass for i component, exergy transfer by inlet mass, and

exergy transfer by exit mass are determined as follows:

Xi,mass = mi(el!’H + eiCH) (3.120)
Xmass,in = XHZ,in + on‘in (3.121)
Xmass,out = XHZ,out + on‘out + XHZO (3.122)
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Exergy transfer by work is equal to the power produced by the PEM fuel cell, that
is:
Xwork = WPEM (3.123)
Exergy transfer by heat and irreversibility of the PEMFC system are given by the

following equations [97]:

. TO .
Xneat = (1 - Tcell) TuLQpem (3.124)
icell = Xheat -W+ Xmassin - Xmassout (3.125)

The useful heat generated by the PEMFC system throughout the cell operation is
given by [97]:

Qpem = [To (moz,outso2 +my, . Sw, T Mu,0 Sw) - (moz_inso2 + mHzinst) + Wpgm +

. . T, -1

Xmassaut - Xmassin] [rHL + (1 - rHL) T ] (3-126)
cell

The exergetic efficiency of a fuel cell system defined as the ratio of the

irreversibility to the exergy of the reactants (air and hydrogen) as shown in the following

formula:

ice
Npemex = 1 — et (3.127)

X .
massin

The heat generated by the PEMFC is used as heat input to the HTG to drive the
DEAS. Thus:

Qure = Qpem + Wpem — WPump (3.128)

The overall energetic and exergetic efficiencies of the PEMFC-based HVAC

cooling system are:

QEvap
=l 3.129
nsys,en mHZ % HHVHZ ( )
Xe,
Naper = | 5 J (3.130)
X H,.in
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3.3 FPSC-Based HVAC-Cooling System

The model of the FPSC system based on energy and exergy analyses is provided
in this section. The various relations required to determine the useful energy and the
performance of the FPSC are presented. Fig. 3.2 shows an isometric view of the FPSC
and its components and provides the geometric details of the absorber plate of the FPSC.
The FPSC unit consists of an insulated metal box with a glass cover which serves as a
heat trap, a dark-colored absorber plate used to heat liquid water, and a tube array used as
the working fluid passage.

The input data used in this model is given in Table 3.4. The thermodynamic

analysis is based on the following assumptions:

a. The working fluid is water.
b. The energy transfer rate is steady.
c. Properties of materials are independent of temperature.
d. No solar energy is absorbed by the cover.
e. The same ambient temperature exists at the front and back of the collector.
f. The temperature of the surrounding fluid is uniform.
g. The overall loss heat transfer coefficient is the same all over the plate surfaces.
h. The hot water is stored in an insulated wall tank.
cc

TransparentCoverj\ Fluid out N ﬁ To
Absorber Plate —— S

Tube Array L

Fluid In
Insulation F— i CI"
W

(@) (b)

Fig. 3.2 lllustration of the FPSC: (a) Isometric view of the flat plate collector including components.
(b) Geometrical details of the absorber plate of the FPSC (Adapted from [103] and [104]).
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Table 3.4 Design and operating parameters of FPSC.

Parameter Symbol Unit Value
Constants and assumptions

Stephen-Boltzman constant o W/m?.K* 5.67x10°®
Wind velocity v m/s 2.5[105]
Collector tilt angle B deg 35

Bond conductance Cy m. K/W 0.03 [105]
Fluid

Specific heat of water G, J/kg-K 4185
Water density Pw Kglem® 1000
Inlet temperature Tin K 313 [106]
Outlet temperature Tout K 318
Water speed in the tube v, m/s 0.1 [105]
Ambient

Ambient air temperature Tomb K 308
Temperature of the sun T K 5770
Pressure of ambient air P, kPa 101.325
Glazing

Solar transmittance of glazing Tg - 0.85[105]
Emissivity of glass cover &g - 0.88 [105]
Number of glass cover N - 1
Absorber plate

Solar absorbtance of collector plate ap - 0.9 [105]
Emissivity of absorber plate & - 0.1[105]
Thermal conductivity of plate (copper) kt, W/m.K 385 [105]
Temperature of the absorber plate T, K 353

Plate thickness oy m 0.0005
Bottom

Thermal conductivity of bottom insulator (polyurethane)  kt, W/m.K 0.034[106]
Bottom insulation thickness Sp m 0.05
Convection heat loss coefficient from bottom to ambient A, ;4 W/m*.K 0.5 [107]
Edge

Thermal conductivity of edge insulator kt, W/m.K 0.045[106]
Edge insulation thickness S m 0.05
Convection heat loss coefficient from edge to ambient heea W/m*.K 1.7 [107]
Tubes

Tube external diameter Doyt m 0.015
Tube internal diameter D, m 0.01
Distance between the centers of two neighboring tubes cc m 0.12
Collector box

Collector length L m 1
Collector width m 0.5
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The prediction of collector performance requires information on the solar energy
absorbed by the collector absorber plate. The solar energy incident on a tilted surface has
three special components: beam, diffused, and ground-reflected radiation. The absorbed
radiation by the absorber plate is found by multiplying the direct incident solar radiation
by the transmittance of the glass cover and the absorptance of the absorber plate property
as follows[105]:

I = (14a,) Ip (3.131)

Under steady state conditions, the rate of useful energy delivered by the FPSC is
equal to the rate of energy absorbed by the heat transfer fluid minus the direct or indirect
heat losses from the surface to the surroundings. The useful energy collected from the

FPSC can be obtained from the following formula [105]:
Qu = FRAFP[(Tgap) Ip = Up(Tin — Tamb)] (3.132)

whereAgp is the area of the collector which is a simple rectangular form of width
W and length L,T,,,, is the ambient temperature provided from the meteorological data,
and T;,, is a design parameter and represents the temperature of the inlet fluid (water) and
depends on the characteristics of the complete solar heating system and the hot water
demand or heat demand of the building.

The heat removal factor Fyrepresents the ratio of the actual heat delivered to that
delivered if the collector plate is at uniform temperature equal to that of the entering
fluid. Fgis affected only by the solar collector characteristics, the fluid types, and the

fluid flow rate through the collector. Fg can be obtained from [108]:

P = 22 |1 — e (- 2220 (3.133)

AppU], ThWCpW

where C,,Wand m,,are the specific heat and mass flow rate of the working fluid (water).

The mass flow rate depends on the geometry of the tube and the collector as well
as the properties of the working fluid as illustrated in the following equations:

. o?,
Miype = Pw "V "TT* 2 (3.134)

Thus, the total mass flow rate on the collection area and the number of tubes give
the mass flow rate of water in the collector:

Meor = Miype "N (3-135)
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w
n==2 (3.136)

1, = Dot (3.137)

AFp
The collector efficiency factor F represents the ratio of the actual useful energy
gain to the useful energy gain that would result if the collector absorbing surface had

been at the local fluid temperature and is given by [108]:

r_1/UL _ U
T 1u, UL

(3.138)
The overall heat loss coefficient is a complicated function of the collector

construction and its operating conditions. U, represents the heat transfer resistance from

the absorber plate to the ambient air and is given by [109]:

U,=U+ U, + U, (3.139)
The top loss coefficient U, is given by the following empirical relation for the

glazed solar collector [109], [21]:

-1
N

U, =
(L. (Tp-T_amb)“) L1
Tout N+f hconv

o(Ty + Tamp ) (Tp® + Tamp”)

1 2N+(f-1) N
ep+(0.0425 N(1-2p)) &g

(3.140)
where:
C = 365.9 x (1 —0.008838 + 0.000129842) (3.141)
Reony = 5.7 + 3.8V (3.142)
f = (1-0.04hop, + 0.0005 Ay, ) (1 + 0.091 N) (3.143)
d=0.43 [1 - ;Oouot] (3.144)

The bottom heat loss coefficient U,, represents the energy loss from the bottom of

the collector and is given by [21]:
1

Rty T

c,ba
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Similarly, the edge heat loss coefficient is given by [21]:
1

Ue =571 (3.146)

kte heea

In equation (3.138), 1/U, is the heat transfer resistance from the fluid to the

ambient airwhere U, is given by [21]:

U, = ! (3.147)

1 1 1
c t t
UL'(Dout+(CC_Dout)'Ffi) Cp nDinh’fi

where Cj, is the bond conductance which is a function of the bond thermal
conductivity, thickness and width. Here C},, has been set as a constant. The heat transfer
coefficient between the working fluid and tube wall hg;is evaluated using the following

empirical formula [109]:

hs, = (1430 + 23.3T;, — 0.048T; *)v®D; 0?3 (3.148)

where T is the average working fluid temperature inside the tube in °C:

_ Tin+Tout

T, = —intlout (3.149)

m 2

In Equation (3.147), Fy; is the standard fin efficiency for straight fins with

rectangular profiles and is determined from [109]:

)

Fr = m(cc_pmit) (3.150)
2

where m is a variable given by [109]:

U, -0.5

Finally, the thermal efficiency of the FPSC can be obtained by dividing the useful
heat gain by (Azpl;). Therefore:

Qu
MFPen = A1 (3.152)
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For incident angles below about 35°, the product (z,a,) is essentially constant so

that the useful heat gain and thermal efficiency formulas are linear with respect to the
parameter T”‘_IM as long as Uy, remains constant.
Tin=Tam
T]Fpen = FR (Tg(lp - UL fb) (3153)
The exergy efficiency of the solar collector is defined as the ratio of the exergy

stored by the fluid that passes through the stream tube, that is, the useful exergy delivered
to the exergy of the solar radiation absorbed by the FPSC [110]:

Nep,, = % (3.154)
Where:

Xy = 1y [(Roue = Rin) = Tamp (Sout = Sin)] (3.155)
or

Xy =111 Cy | (Toue = Tin) = Tams (In. 7;“)] (3.156)
and

Xep = Appl [1 + g(?;f:’)‘} - 37;::] (3.157)

The heat generated by the FPSC is used as a heat input to the HTG of the DEAS.
Thus the heat input to the HTG is:

Qurc = Qrp (3.158)

The overall efficiencies of the integrated FPSC-based HVAC cooling system are:

QEva

MsyS en = ey (3.159)
XEva ,th

Nsys g = ﬁ (3.160)
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3.4 PTSC-Based HVAC-Cooling System

This section covers the mathematical model of the PTSC system based on energy

and exergy analyses.

Fig. 3.3 shows a cross sectional view of the PTSC. The PTSC unit consists of a
metal black tube placed along the focal line of the receiver, covered with a glass tube to
reduce heat losses that can take place by radiation and convection in addition to a
parabola which serves as a reflective surface where the parallel rays incident on it are
reflected onto the receiver tube.

The input data used in this model is given in Table 3.5. For the purpose of

analysis, the following assumptions have been made:

The integrated system operates at a steady state.

o o

The porous medium properties have a cylindrical symmetry.

All phases are continuously in thermal, mechanical, and chemical local equilibrium.

o o

The glass tube temperature is uniform at any given time.

Properties of materials are independent of temperature.

@

The hot water is stored in an insulated wall tank.

=h

Radiation
Convection losses
losses

Direct solar
radiation

Glass tube

Conduction
losses

Absorber tube
Reciever

Working flui

A

(@ (b)

Reflective

surface

Fig. 3.3 Illustration of PTSC: (a) PTSC unit. (b) Cross sectional view of the PTSC.

96




Table 3.5 Design and operating parameters of PTSC.

Parameter Symbol Unit Value
Mass flow rate of oil in the receiver Moir kg/s 0.3

Pipe receiver outside diameter D, m 0.05
Receiver inside diameter D,, m 0.04
Glass cover outer diameter D, m 0.09
Collector width w m 3
Collector length L m 20
Receiver temperature of inlet fluid T; °C 220
Receiver thermal conductivity k, W/m.K 15
Receiver temperature T, °C 260
Receiver emissivity & - 0.92 [111]
Receiver efficiency Ny % 75 [111]
Glass cover emissivity & - 0.87 [111]
Stefan-Boltzmann constant o W/m2.K* 5.67x 10®
Glass cover temperature T, °C 64

Sun temperature T K 5770
Ambient temperature Tamp °C 25
Atmospheric pressure Payem kPa 101.325
Wind velocity v m/s 5[111]

Under steady state conditions, the rate of useful energy delivered by the PTSC is
equal to the rate of energy absorbed by the heat transfer fluid minus the direct or indirect
heat losses from the surface to the surroundings. The useful energy collected from PTSC

can be obtained from the following formula [21]:

Qu,PT = Fg [IBAa - ATUL(Ti_Tamb)] (3-161)

where A, and A, are the aperture and receiver area of the collector, respectively.

They are defined as:
Ay =W —D)L (3.162)

A, =m D, L (3.163)
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Hence, the concentration ratio, which is defined as the ratio of the aperture area to
the receiver area, is then calculated [21]:

_ 4a
=

C (3.164)

Concentrating collectors can utilize only beam radiation instead of the total
radiation. The beam radiation is the portion of direct radiation absorbed by the receiver
and depends on the receiver efficiency as follows [21]:

Iy = Ipny (3.165)

The heat removal factor Fy represents the ratio of the actual heat delivered to that
delivered if the collector plate were at uniform temperature equal to that of the entering
fluid. Fyis affected only by the solar collector characteristics, the fluid types, and the

fluid flow rate through the collector. Frcan be obtained from [21]:

. L Cpoit |4 _ [ _ArULF/
Fr = Mou Ar [1 ¢ ( moileoil)] (3.166)
where Cp,;; is the heat capacity of circulating fluid-Therminol 66 in k]J/kg- K and is

calculated as a function of the receiver temperature of the inlet fluid (oil) [86]:
Cpoi = 0.003313 T; (°C) + 8.970785 x 10~7T;2(°C) + 1.496005 (3.167)

The collector efficiency factor F'represents the ratio of the actual useful energy
gain to the useful energy gain that would result if the collector absorbing surface had

been at the local fluid temperature. F' is given by [21]:
Fr=le (3.168)
UL
The overall heat loss coefficient is a complicated function of the collector
construction and its operating conditions. The solar collector heat loss coefficient

between ambient and receiver is defined as [21]:

U, = (A— + L)_l (3.169)

(tha+tha)AC thr
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Where A, is the glass cover area of the PTSC which is simply represented by the

perimeter of a pipe:
A, =nD.L (3.170)

hc, is the convection heat transfer coefficient between the glass cover and

ambient [111]:

h. = NuScakair (3.171)

Cca D¢,
where Nus,, is the Nusselt number and is given by [111]:

Nus., = 0.3 (Re)%5For 0.1 < Re < 2300
Nus., = 0.4 + 0.54 (Re)%5For Re > 4000 (3.172)

where Re is the Reynolds number and is calculated from the general formula:

Reca = Pair ¥ 12 (3.173)

where pgir, Hair aNd kg-are determined for the air at the mean temperature and
atmospheric pressure.The mean temperature is the average temperature on the glass
cover:

T, =St (3.174)

The radiation heat transfer coefficient between the glass cover and ambient is
defined as [111]:

by, =¢€co (T, + Tamb)(Tc2 + Tambz) (3.175)

Tca
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The radiation heat transfer coefficient between the glass cover and receiver is
given by [112]:

2 2
h _ 0 (Te+Ty)(Te™+T77) (3176)

o T )
&r Ac/\gc

The estimation of the overall heat coefficient includes the tube wall because the
heat flux in a concentrating collector is high. Based on the outside tube diameter, this is
given by [113]:

-1
1 DTo Dﬁ Dﬁ
Yo = KU_L + hey, Dr, + Zkr> in <Dri>l (3.177)

4

where h,.. is the convention heat transfer coefficient inside the receiver tube. It

is calculated using the general formula:

Nus, k;
i = (3.178)

The Nusselt number in the overall heat coefficient formula is given by:

Nus, = 0.023 Re,>2Pr.%* For turbulent flow (Re > 4000)
Nus, = constant = 4.364 For laminar flow (Re < 2300) (3.179)

The Prandtl number is calculated using the following formula:

Pr. = Cpyy 2o (3.180)

oily
where:

The kinematic viscosity of oil-Therminol 66 in (mm? /s) is given by [86]:

gy = € (ﬂ — 2.2809) (3.181)

T; (°C)+62.5
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The density of circulating fluid-Therminol 66 in(kg/m?3) is given by [86]:

Poil = —0.614254 T;(°C) — 0.000321 T;%(°C) + 1020.62 (3.182)
The dynamic viscosity (Pa - s) is:

Hoil = UoitPoi X 107° (3.183)

The thermal conductivity of circulating fluid-Therminol 66 in (W/m-K) is given by
[86]:

koi = —0.000033 T;(°C) — 1.5 X 107 7T;2(°C) + 0.118294 (3.184)

The Reynolds number is:

v Dy,

Re, =

(3.185)

Voil
The cover average temperature can be calculated to recheck the assumed value

using the following equation [114]:

A
hrer TT+(A_i'Tamb (tha +hrca)>
T, =

(3.186)

Ac
thr"'(A_r(tha +h7”cr)>

The outlet temperature of the flowing fluid is calculated using the inlet
temperature, the useful heat gain, and the capacity of the flowing fluid:

T, =T, + —2wrr_ (3.187)

Moi1CPoil

As the useful energy delivered from the collector can now be determined, energy
efficiency of the PTSC is:

Ou
Men = o (3.188)
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The exergetic efficiency is simply the ratio of the output exergy to the input
exergy. For a PTSC, it is the ratio of the exergy stored by the fluid that passes through
the stream tube to the exergy of the solar radiation absorbed by the PTSC:

Moy = Souert (3.189)

XinPT

where X;,, pr and X, pr are given as follows [115]:

Xinpr = Aalp [1 + § (TaT_TSnbY - % (TaT—Tsnb)] (3.190)
Xout,pr = Qupr (1 - TaT—T:b) (3.191)

Hence, exergy destruction and entropy generation can be calculated. The exergy

destruction is simply the difference between input and output exergy:

Xdes = Xin,PT - Xout,PT (3-192)
5 Xdes
Sgen = 2z (3.193)

The useful energy delivered from the PTSC is fed into the HTG to drive the

absorption system. So:

Q HTG = Qu,PT (3- 194)

The overall efficiencies of the integrated system PTSC-based HVAC cooling

system are:
_ QEvap
Nsys,en = IpAg (3.195)
XEva X
Nsysex = ;inz;h (3.196)
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3.5 PV/T Based-HVAC-Cooling System

A mathematical model of a glass-to-glass PV/T system with a parallel flat plate
provided below the glass base of a solar cell is developed. Energy and exergy analyses
are conducted to examine the performance of the system and study the variation of
operating conditions and PV/T characteristics on the overall performance of the PV/T
collector. Fig. 3.4 shows a cross sectional view of the glass-to-glass PV/T collector. The
PV/T collector consists of a glass cover and solar cells where the solar radiation is passed
through a duct composed of parallel flat plates provided below the glass base of the solar
cells to regulate the passage of the working fluid. The collector also has a black surface
to absorb the solar radiation.

The input data used in this model is given in Table 3.6. The following

assumptions have been made in order to write the energy balance equations:

g. The heat conduction is one dimensional.

h. The system is in a quasi steady state.

I. The glass cover is at uniform temperature.

J-  There flow of air through the duct is uniform.

k. The temperature variation along the thickness is negligible.

Solar
Radiation
Solar Cells l l l l l Glass
Teen T Ty
amb
Absorber Plate \ ‘4
Thos Tor < Air Duct
f T Aluminum Box
. amb
Insulation

(a) (b)
Fig. 3.4 Glass-to-glass PV/T collector: (a) Top view. (b) Side view (Adapted from [116]).
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Table 3.6 Design and operating parameters of PV/T.

Parameter Symbol Unit Value
Mass flow rate of air My kals 0.06
Specific heat capacity of air C air kJ/kg.K 1.005
Conversion factor of the thermal power plant C; - 0.36 [116]
Transimitivity of glass cover 7, - 0.95[117]
Packing factor of solar cell B - 0.83[116]
Absorbitivity of black surface a, - 0.95[117]
Absorbitivity of absorber plate a, - 0.9[117]
Overall heat loss coefficient from the PV/T air U, W/m2K 4.56 [117]
collector to the environment

Overall heat transfer coefficient from bottom to U, W/m2.K 0.62 [117]
ambient

Overall heat transfer coefficient from glass to black U, W/mzK 23.5 [117]
surface through solar cell

Overall heat transfer coefficient from solar cell to U, W/m2.K 2.8[117]
ambient though glass cover

Penalty factor due to the presence of solar cell h, } 0.978 [116]
material and glass

Penalty factor due to the_ preser_lce of interface h ] 0,189 [116]
between glass and working fluid though absorber p2 '

plate

Heat transfer coefficient from black surface to air Npa W/m?.K 100[117]
Heat transfer coefficient from back surface to air h, W/m2.K 125 [117]
through glass

Electrical efficiency at reference conditions e % 12 [118]
Width of PV/T air collector W m 0.45
Length of air duct L m 1.2

Avrea of collector A, m? 0.605
Number of collectors N, - 1
Ambient temperature at reference conditions Tambref °C 25

Sun temperature T, K 5770
Ambient temperature Tamb °C 38
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The rate of useful thermal energy obtained from the PV/T air collector is the

overall heat gain minus the overall heat loss from the collector [116]:

WU, - Lﬂ
m. .C__
alr p,air (3.197)

are the solar irradiance in (W/m?)and the temperature of the inlet fluid

rhair -C

Qu,PVT :U—p]air(hp2 'Peff,a,r - _UL '(Tair,in _Tamb))' 1—eXp
L

where l and T

in °C, respectively, which are varying from month to month. The effective parameter

Py ... is defined as [119]:

Peff,a,r =0y ng (1_ﬂc) + hpl Tg ﬂc (ac _nc) (3198)
The instantaneous thermal efficiency of the PV/T air collector can be defined as
the rate of useful thermal energy divided by the intensity of solar radiation absorbed by

the collector area:

n _ Qu,PVT
thPVT T (3.199)

The average temperature of flowing air above the black surface over the length of
air duct below the PV module, black surface temperature, solar cell temperature, and

outlet air temperature of the flowing air inside the air duct are given by [117]:

|: [_W .UL . LJ}

1—eXp T —

'F T N hp2 . Peff,a,r -1 11— My, 'Cp,air
amb U

air — +
] WU, L
Iﬂﬁair 'Cp,air
{1_exp (o Lﬂ
T . Meir 'Cp,air (3200)
air,in W -U - L
rhair 'Cp,air

T Pett .,z * | +(Up +Up ) Tamp + Poa + 1 Ty
s =
* U, +Ug +hy, (3.201)
T _Tg'ﬂc'l '[ac_nc]+ut'Tamb+ht'Tbs
cell —
U +h, (3.202)
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h, -P -1 —W - .
Tair out — Tamb + = s 11— eXp W Y > =
, LJL My 'Cp,air

+T. . exp [Mj
’ m_ -C

air p,air

(3.203)
The electrical efficiency of the PV module is calculated using the following
equation[118]:

Nerpvt = 1c - (l_ 0.0045- (Tcell - Tamb,ref )) (3.204)

Conversion of electrical efficiency to the thermal efficiency equivalent is done

through the following equation[118]:

7 _ Nel,pvr
el,PVT ,eq —
Cq

(3.205)
The overall energy efficiency of the PV/T air collector is the sum of the thermal
and thermal equivalent of electrical efficiency:

Menov.pvt = TTtn vt T 761 Pyt eq (3.206)

The power produced by the PV module is the product of the electrical efficiency
at reference conditions and solar intensity absorbed by the PV module for a number of

collectors:

Wey =1 - AN, - (3.207)

The rate of exergy input to the system is equal to the exergy rate of the sun while
the thermal exergy rate is the rate of exergy associated with useful heat gain from the
collector and the electrical exergy rate is equal to the power produced by the PV module

as illustrated in the following formulas [117]:

Xin,PVT =A NI -[1—%(T_T_mbj+%(-r_?_mb} ]

(3.208)
. . Tam
Xth = Qu,PVT '|:1_(T ' : J:l
air,out (3209)
Xer =Wey (3.210)
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So, the exergy output rate from the system is the sum of the thermal and electrical

rates of exergy:

Xout,PVT = Xth + Xel (3.211)

Thus, the rate of exergy destructed from the system and the exergetic efficiency of
the PV/T air collector are calculated by:

X

=X +X

out, PVT (3.212)

X es
Mexpvr = [1_ X : :l
in, PVT (3.213)

The useful energy delivered from the PTSC is fed into the HTG to drive the

des in, PVT

absorption system:
QHG = Qu,PVT +WPV _Wpump (3.214)

The overall energetic and exergetic efficiencies of the PTSC-based HVAC

cooling system are given by:

QEV
nsys,en = IWalp_
(3.215)
X e
My = (3.216)
Xin,PVT

3.6 Hybrid PEMFC-PTSC-PV/T-Based HVAC-Cooling System

The hybrid system uses the same analysis illustrated in the previous sections
except that the energy fed into the HTG to drive the absorption system is the sum of the
useful energy delivered from the PEMFC-PTSC-PV/T:

QHTG = (QPEM +WPEM _Wpump)PEM +Qu,PT +(Qu,PVT +WPV _Wpump)PVT (3.217)
Also, the overall energetic and exergetic efficiencies of the integrated system are:
Mysen = 7= Seny (3.218)
o (my xHHV, )+ (15 A)+(IWL)
X
Masex = = et (3.219)
XHz,in + xin, PT + Xin,PVT
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Chapter 4 Results and Discussion

In this chapter, the stated objectives are met by using the detailed analysis in the
preceding chapter. Input parameters related to the system characteristics and operating
conditions are listed. The efficiency and the rate of the output energy of the subsystems
and the performance as well as the efficiency of the integrated systems are investigated
based on the energy and exergy analyses conducted for each system. Moreover, a
parametric study is carried out to examine the effect of the variation in the operating

conditions and system characteristics on the overall performance of the system.

4.1 PEMFC-Based HVAC-Cooling System

In this section, the results obtained from the electrical and thermodynamic models
of the PEMFC system are presented to study the behavior of the PEMFC unit. In order to
examine the effect of the operating conditions on the performance of the PEMFC system,
a parametric study is conducted so that the effect of varying the operating temperature,
current density, and membrane thickness on the PEMFC’s performance and power output
can be examined. In addition, the effect of these operating conditions on the overall
performance of the integrated system is studied.

First of all, a comparison of the model of the PEMFC unit with that provided by
the literature is shown in Fig. 4.1. It is noted that there is a small variation in the
behavior of the PEMFC’s exergetic efficiency with respect to the current density. The
deviation in the present model as compared to the model developed by Midilli and
Dincer [102] is attributed mainly to the difference in the assumptions made and constants
used in the calculation of the overpotential voltages. However, the behavior of the two
models is in good agreement.

Fig. 4.2 and Fig. 4.3 present the electrical model of the PEMFC unit. Fig. 4.2
shows how the irreversible voltage and overpotential losses vary with the current density
ranging from 0.0 to 1.0 A/cm?®. It is noted that losses due to the ohmic overpotential are
greatly influenced by the variation in the current density while the activation and
concentration overpotential losses are less affected by varying the current density. This is

due to the direct relation between the ohmic losses and the current density in comparison
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to the activation and concentration losses which are not directly proportional to the
current density. As a result, the irreversible voltage increases with increasing the current
density as it is the sum of these three overpotential losses which are all increasing with
increasing the current density.

Fig. 4.3 shows the behavior of the total voltage of the system. It can be noticed
that the total voltage is inversely proportional to the current density since it is defined as
the difference between the reversible and irreversible voltages. As the reversible voltage
does not change with varying the current density and the irreversible voltage increases
with increasing the current density, the difference between the reversible and irreversible

voltages decreases causing the total voltage to be decreased.

60 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 | I i

55 nreM ex (Present Nodel) ]

N — e o ex (V. Nidilli and 1. Dincer)

50 -

< %F .
=R :
Kl :
- -— .

35 F e —— ]

C --""‘"-.___- i

B The—— i

0L S ]

- P.=3 atm, T;=353 K, tem=0.016 m .

25 L1 ] ) ] I ] ! ] ! ] ] ] ] ] ] ] ] I ) ]

0 02 04 06 0.8 1 1.2 14 16 1.8 2

i [A/lcm?]

Fig. 4.1 Comparison of the current PEMFC model with the model presented by Midilli and Dincer [102].
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1.2

Irreversible Voltage and Losses (V)

0 01 0.2 03 0.4 05 06 07 08 09 1
i [A/lcm?

Fig. 4.2 Variation of irreversible voltage, activation, ohmic, and concentration losses with the current
density in the PEMFC unit.
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Fig. 4.3 Total voltage of PEMFC unit.
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The variation of the system’s energy and exergy efficiencies with the current
density at constant operating conditions (3 atm, 353 K, and membrane thickness of 0.016
cm) is shown in Fig. 4.4. The maximum system energy and exergy efficiencies obtained
are 63.62% and 57.88%, respectively at a current density of 0.01 A/cm?. As seen from
the figure, both energy and exergy efficiencies decrease with the increase in the current
density which is due to the increase in the molar consumption of the fuel.

Fig. 4.5 shows how the rate of heat generation of the PEMFC varies with the
current density. For current densities ranging from 0.0 to 2.0 Alcm?, the rate of heat
generation ranges from 0.26 to 68.8 KW. It increases linearly with increasing the current
density as it is a function of the mass flow rate of the reactants and products which are

directly proportional to the current density.

Vfc.en

Tfc ex

e

n [%]
3

IIII|IIII|IIII|IIII|I-h=I|I

P,.=3 atm, T;.=353 K, t,,0,=0.016 m
35 1 | 1 | 1 | 1 | 1 | 1 1 1 | 1 | 1 | 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

i [Alcm?]

o

Fig. 4.4 Variation of energy and exergy efficiencies of the PEMFC unit with current density at constant
operating conditions.
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Fig. 4.5 Rate of heat generation of PEMFC at the operating conditions.

Fig. 4.6 shows the calculated energetic efficiency and power output at different
current density values and constant temperature and pressure. It can be noticed that the
energetic efficiency decreases while the power output of the PEMFC increases with
increasing the current density. This is due to the fact that the power depends mainly on
the available current in the cell. For the current density ranging from 0.0 to 2.0 A/cm?,
the energetic efficiency decreases from 63.6 to 42.6% and the power output increases
from 0.1 t0 9.1 kW.

Besides, increasing the membrane thickness results in decreasing the energetic
efficiency as well as the net power production. As the membrane thickness increases, the
ohmic overpotential increases causing the irreversible voltage to be increased which
results in decreasing the total voltage of the system, the power output, and the energetic
efficiency of the PEMFC unit accordingly. For example, for membrane thickness of
0.016, 0.018, and 0.02 cm at a current density of 1.0 A/cm?, the power output is 6.9, 6.7,
and 6.5 kW, respectively.
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The effect of variation in the current density on the exergetic efficiency and
thermodynamic irreversibility of the PEMFC is shown in Fig. 4.7 for different membrane
thicknesses at constant cell pressure and temperature. As the current density increases,
the exergetic efficiency decreases while the irreversibility increases at constant cell
pressure and temperature for a certain membrane thickness. Increasing the current
density results in increasing the mass flow rate of the reactants and products leading to an
increase in the exergy associated with mass, heat, and work which in turn causes the
irreversibly to be increased and the exergetic efficiency to be decreased.

Also, it is observed that increasing membrane thickness results in increasing the
PEMFC’s irreversibility while decreasing its exergetic efficiency since increasing the
membrane thickness results in decreasing the exergy transfer by work which contributes
negatively to the system’s irreversibility. For example, at 3 atm, 333 K, and 1.0 A/cm?
and for membrane thicknesses of 0.016, 0.018 and 0.02 cm, the exergetic efficiency is
43.11, 42.33, and 41.84% and the irreversibility is 3.77, 3.79 and 3.82 kW, respectively.
So, low membrane thickness and low current density result in high PEMFC efficiency.

The energetic and exergetic COP of the integrated system versus the current
density is shown in Fig. 4.8. Both energetic and exergetic COPs are decreasing with
increasing the current density. Increasing the current density causes the mass flow rate of
the reactants and products as well as the power produced by the PEMFC to be increased
leading to an increase in the useful heat generated by the PEMFC throughout the cell
operation. This results in a decrease in the energetic and exergetic COPs of the integrated
system for a certain cooling capacity. The highest energetic and exergetic COPs are
obtained at 0.5 A/lcm®with values of 2.7 and 2.3, respectively and the lowest values are
0.67 and 0.35 obtained at a current density of 2.0 A/lcm?.

From Fig. 4.9, it can be observed how the energetic and exergetic efficiencies of
the integrated system are decreasing with increasing the current density. The inverse
relationship is attributed to the mass flow rate of the input hydrogen which is directly
proportional to the current density and inversely proportional to the overall energetic and
exergetic efficiencies of the integrated system. As the current density ranges from 0.5 to
2.0 Alcm?, the energetic efficiency ranges from 63.41 to 45.9% and the exergetic
efficiency ranges from 53.6 to 37.2%.
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Fig. 4.6 Variation of energy efficiency and power output of the PEMFC unit with current density for
different membrane thicknesses.
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Fig. 4.9 Energetic and exergetic efficiencies of the integrated PEMFC-based HVAC system for constant
pressure, temperature, and membrane thickness.
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Fig. 4.10 shows the variation of the energy efficiency and power output of the
PEMFC with the operating temperature of the fuel cell for different membrane thickness
values at constant cell pressure (3 atm) and current density (1.0 A/cm?). As the
temperature increases, the energy efficiency is increased while increasing the membrane
thickness causes the efficiency to be decreased. For example, for a membrane thickness
of 0.018 cm, the energy efficiency is found to be 39% and 49% at a cell operating
temperature of 300 and 360 K, respectively. This is due to the fact that mass transport
limitations are reduced at higher temperatures. Also, increasing the operating
temperature of the PEMFC from 300 to 360 K causes the power output to be increased
from 3.5 to 7 kW, respectively, as increasing the operating temperature results in
decreasing the ohmic resistance of the electrolyte and accelerates the kinetics of the
electrode reactions.

So, the operating temperature of the PEMFC has a significant influence on its
performance. This leads to the conclusion that the cell performance can be improved
through increasing the operating temperature and decreasing the membrane thickness.
However, this is limited by the vapor pressure of water in the ion exchange membrane
due to the membrane’s susceptibility to dehydration and the subsequent loss of ionic
conductivity.

The effect of variation in the operating temperature on exergy efficiency and
thermodynamic irreversibility of the PEMFC is shown in Fig. 4.11 for different
membrane thicknesses at constant cell pressure (3 atm) and constant current density (1.0
Alcm?). As the operating temperature increases, the exergy efficiency increases while the
irreversibility decreases at constant cell pressure and current density for a certain
membrane thickness. The reason is that increasing the operating temperature causes the
total voltage and the power output to be increased resulting in decreasing the
irreversibility and increasing the exergy efficiency. For operating temperature ranges
between 300 and360 K, the PEMFC irreversibility decreases from 3.94 to 3.64 kW and
the exergetic efficiency increases from 40 to 47%.
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for different membrane thicknesses.

117



Fig. 4.12 presents the effect of variation in operating temperature on energetic and
exergetic COP of the integrated system at constant cell pressure and constant membrane
thickness. As the operating temperature of the PEMFC increases, both COPs decrease.
This is due to the fact that increasing the operating temperature causes the total voltage of
the PEMFC to be increased leading to an increase in the power produced by the cell and
hence the amount of energy needed to power the absorption system, causing the COP to
be decreased. However, for fuel cell temperatures ranging from 300 to 360 K, the rate of

decrease is small in comparison to the rate of increase in the temperature.
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Fig. 4.12 Effect of variation in operating temperature on energy and exergy COP of the integrated PEMFC
based HVAC system at constant cell pressure and membrane thickness.
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4.2 FPSC-Based HVAC-Cooling System

In this section, the results of energy and exergy modeling of the HVAC cooling
system using flat plate solar collectors are presented and discussed. The effect of solar
irradiance, ambient temperature, mass flow rate of inlet fluid, and solar collector area is
examined.

Fig. 4.13 and Fig. 4.14 provide meteorological data for UAE that is used to
conduct the analysis of the FPSC-based HVAC cooling system. The data covers the solar
irradiance and the water inlet temperatures. The water inlet temperature is higher than
the ambient temperature by 5 °C. These data are used to examine the effect of different
operating conditions of FPSC on the performance of the integrated system on a monthly
basis. Also, the comparison of the FPSC model with the present models in the literature
is shown in Fig. 4.15. The figure represents the variation of the FPSC efficiency with
respect to the parameter AT /I. The deviation in the present model as compared to the
model developed by Rojas et al. [105] is attributed to the difference in the assumptions

made for heat transfer loss coefficients.
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Fig. 4.13 Monthly average solar irradiance of the UAE.
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Fig. 4.14 Monthly average inlet water temperature of the UAE.
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Monthly variation of the rate of heat generated by the FPSC is shown in Fig. 4.16
for constant mass flow rate of water. It is observed that the highest rate of heat
generation occurs in August followed by September. This is due to the high solar
irradiance available in these two months so that higher irradiance is absorbed by the heat
transfer fluid flowing in the absorber plate. Also, increasing the ambient temperature
causes the rate of heat generated to be increased as the difference between the ambient
and the inlet water temperatures is decreased resulting in decreasing the heat losses from
the surface to the surroundings.

As a result, the thermal efficiency of the FPSC is increased with increasing the
solar irradiance absorbed by the absorber plate and with increasing the inlet water
temperature as the efficiency is inversely proportional to the irradiance and directly
proportional to the difference between the ambient and inlet water temperatures. In other
words, as the thermal efficiency is the ratio of the useful energy gain from the FPSC to
the energy incident on the collector surface. Increasing the solar irradiance causes the
useful heat generated to be increased so that the efficiency is increased although it is
inversely proportional to the irradiance as the increase in the heat gain is higher than that
of the solar irradiance falls on the FPSC from month to month. Regarding the exergetic
efficiency of the FPSC, it is noted that the exergetic efficiency is low compared with the
energetic efficiency as in all solar systems. The figure shows how the increase in the
inlet water temperature causes the exergetic efficiency to be decreased. This decrease is
attributed to the fact that the exergetic efficiency is the ratio of the useful exergy to the
exergy of the solar radiation absorbed by the FPSC which are both functions of the inlet
water temperature in addition to the fact that the temperature difference between the sun
and the fluid temperature in the collectors is large. This is shown in Fig. 4.17.
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The effect of variation in the mass flow rate of the inlet water on the rate of useful
heat gain by the FPSC for constant collector area for the month of August is shown in
Fig. 4.18. The range of mass flow rate has been taken from 0.01 to 1.6 kg/s with an
interval of 0.05 kg/s. It is noted that the rate of heat generated increases more rapidly in
the range from 0.01 to 0.2 kg/s of the mass flow rate. For example, the rate of heat
generated at 0.01 kg/s is 17.61 kW and at 0.2 kg/s it is found to be 17.91 kW for a
difference of 0.3 kW for the rate of heat generated and 0.2 kg/s for the mass flow rate.
Similarly, the rate of heat generated at 0.4 kg/s is 18.01 kW, which accounts for a
difference of 0.1 kW. At 1 kg/s, the rate of heat generated is 18.18 kW results in an
increase of 0.17 kW that is only a 0.94% increase in the rate of heat generated for a 0.6
kg/s increase in the mass flow rate of the inlet water (60%). So one can conclude that
increasing the mass flow rate of the inlet water has a insignificant effect on the rate of
heat generated such that it is not worthwhile to increase the mass flow rate by 60% for
the purpose of increasing the rate of heat generated by 0.94%. This effect is shown in
Fig. 4.18.

Fig. 4.19 shows the effect of increasing the mass flow rate of the inlet water on
the rate of heat generated by the FPSC for different collector areas. The increase in the
rate of heat generated by the FPSC when the collector area is increased is due to the
increase in the amount of solar irradiance absorbed by the collector. For 0.5 and 1 m? of
collector area, it is noted that doubling the area causes the rate of heat generated to be
increased by 16 to 19%. However, this affects the cost of the solar system so that one
should account for both the performance and the cost of system in the selection of the
optimum design to provide the required heat while keeping the cost of the system within

acceptable ranges.
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Fig. 4.18 The effect of increasing the mass flow rate of the inlet water on the rate of heat gain by the FPSC
for constant collector area for the month of August.
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Fig. 4.19 The effect of increasing the mass flow rate of the inlet water on the rate of heat gain by the FPSC
for different collector areas.
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Fig. 4.20 presents the energetic efficiency versus the mass flow rate of the inlet
fluid at a constant collector area for the month of August. An aspect that is highlighted
from Fig. 4.20 is that increasing the flow rate causes the energetic efficiency to be
increased. At 0.01 Kkg/s, the energetic efficiency is 65.61% and at 0.21 kg/s it is 66.73%
for an increase of 1.68. At 0.4 kg/s, the energetic efficiency is 67.12% accounting for a
0.58 increase. At 1 kg/s, the energetic efficiency is 67.73% resulting in an increase of
1.48 for a 0.8 kg/s increase in the mass flow rate. As is the case in the rate of heat
generated by the FPSC, increasing the mass flow rate of the inlet fluid at higher rates
does not have significant influence on the thermal efficiency of the solar system.

The effect of increasing the mass flow rate of the inlet water on the energetic
efficiency for different collector areas for the month of August is shown in Fig. 4.21. Itis
noted that increasing the collector area from 0.5 to 1 m? results in decreasing the
energetic efficiency by 3.68% and from 1 to 1.5m? results in a 2.57% decrease for a mass
flow rate of 0.01 kg/s. The decrease in the energetic efficiency is 3.12% when the
collector area is increased from 0.5 to 1m? and 2.18% when it is increased form 1 to 1.5
m? for 0.6 kg/s of mass flow rate. So, increasing the collector area has a negative effect
on the thermal efficiency of the solar collector unit. This decrease in the energetic
efficiency is attributed to the decrease in the ratio of the rate of heat generated by the

collector to the solar irradiance incident on the increased area.
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Fig. 4.20 The effect of increasing the mass flow rate of the inlet water on the energetic efficiency of the
FPSC unit for a constant collector area for the month of August.
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Fig. 4.21 The effect of increasing the mass flow rate of the inlet water on the energetic efficiency of the
FPSC unit for different collector areas for the month of August.
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Energetic and exergetic COPs of the FPSC integrated with a 10 kW DEAS system
for a constant mass flow rate of water and collector area is shown in Fig. 4.22. Both
energetic and exergetic COPs are decreasing with increasing the solar irradiance and the
inlet water temperature. As the solar irradiance increases, the rate of heat generated by
the FPSC is increased due to the higher amount of irradiance absorbed by the absorber
plate of the FPSC so that the useful heat fed to the HTG is higher causing the energetic
COP to be decreased for constant cooling capacity. The exergetic COP also decreased
because of the high exergy of the solar radiation absorbed by the FPSC when the solar
irradiance is increased. This is because the exergetic COP is inversely proportional to the
exergy of the solar radiation absorbed by the FPSC.

For the month of August where the highest solar irradiance occurs, the energetic
COP is at its minimum. In contrast, it is maximum in the month of March when the
minimum amount of solar irradiance is collected by the FPSC. The energetic and
exergetic COPs obtained in August are 1.417 and 1.366, respectively, while they are
1.878 and 1.809 in March for a mass flow rate of inlet water of 0.3 kg/s and collector area
of 1 m? producing a cooling capacity of 10 kW.

Fig. 4.23 shows the overall monthly energetic and exergetic efficiencies of the
FPCS-based HVAC cooling integrated system for a constant mass flow rate of water and
constant collector area. As both energetic and exergetic overall efficiencies are inversely
proportional to the solar irradiance for constant cooling capacity, they are decreased with

increasing the solar irradiance as illustrated in the figure.
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Fig. 4.23 Overall monthly energy and exergy efficiency of the FPSC integrated with a 10 kW DEAS
system for a constant mass flow rate of water and collector area.
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Fig. 4.24 represents the variation of energetic and exergetic COPs of the
integrated system with the mass flow rate of inlet water at a constant collector area for the
month of August. As the mass flow rate of the inlet water increases, both COPs decrease.
This is because the rate of heat generated by the FPSC is increased with increasing the
mass flow rate of water. However, the rate of increase is very small.

For example, at 0.01 kg/s, the energetic and exergetic COPs are 1.44 and 1.388,
respectively. At 0.2 kg/s, the energetic COP is 1.426 while the exergetic COP is 1.375.
This results in a decrease of 0.972% for the energetic COP and 0.936% for the exergetic
COP. At 0.6 kg/s, the energetic and exergetic COPs are 1.418 and 1.367, respectively.
This is represented in a decrease of 0.561% in the energetic COP and 0.581% in the
exergetic COP for an increase in the mass flow rate of 0.4 kg/s. Again, the mass flow

rate has insignificant improvement on the overall performance of the integrated system.
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Fig. 4.24 Energy and exergy COPs of the integrated FPSC-based HVAC system for different mass flow
rates of water and a constant collector area for the month of August.
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4.3 PTSC-Based HVAC-Cooling System

Fig. 4.25 provides data on the solar irradiance available in the UAE on a monthly
basis to be used in the analysis of a PTSC-based HVAC cooling system. In PTSCs, only
a proportion of the solar irradiance is concentrated and absorbed by the receiver while the
remaining is reflected to the surroundings (instantaneous irradiance).Fig. 4.26 shows the
comparison of our PTSC model with that presented by Brooks et al. The figure
represents the variation of the PTSC efficiency with respect to the parameter AT /1. 1t is
noted that there is a small deviation due to the difference in assumptions made in the
calculation of the heat removal factor.

Fig. 4.27 shows the monthly heat generated from the PTSC unit for a constant
mass flow rate of Therminol-66. It can be observed that the highest rate of heat
generation occurs in August followed by September. This is due to the high solar

irradiance available in those two months.

?00 1 I 1 | 1 I 1 | 1 | 1 | 1 | 1 I 1 | 1 | 1 | 1 | 1
B EEEESSSEEE] Solar lmadiance T
650 | I (nstantaneous lradiance —
& R J
g 600 |- -
8 s50L -
c
5 - 7
E 500 -
E 450 —
‘% = J
350 1 n _Li_L 1 | n 1 | n 1 | 1 | 1 | 1 | 1

0 % (@ W& o8 0B (¢ O PR B0
Month

Fig. 4.25 Monthly average solar irradiance for UAE and instantaneous irradiance absorbed by the PTSC.
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Fig. 4.28 presents the energetic and exergetic efficiencies of the PTSC for every
month. Again, due to the high irradiance available in August, this month has the highest
energetic and exergetic efficiencies. Energetic and exergetic efficiencies are increased as
the heat generated is increased.

Fig. 4.29 shows the rate of heat generated by the PTSC for different mass flow
rates of Therminol-66 for the month of August at different concentration ratios. Heat
generation rate is increased by increasing the mass flow rate of Therminol-66. Increasing
the mass flow rate of the oil from 0.01 to 0.5 kg/s results in increasing the heat generated
from 4.73 to 10.58 kW for a concentration ratio= 15. Increasing the concentration ratio
has a positive effect on the heat generated. As the concentration ratio increases, the rate
of heat generation by the PTSC is increased.

Fig. 4.30 presents energy and exergy efficiencies of PTSC for different mass flow
rates of Therminol-66 for the month of August at different concentration ratios. Energy
and exergy efficiencies are increased by increasing the mass flow rate of Therminol-66 at
constant solar irradiance as the useful energy delivered by the PTSC is increased by
supplying higher amounts of oil. Also, increasing the concentration ratio results in
increasing both efficiencies. The increase is attributed to the increase in the concentrated

area that allows more heat to be produced by the PTSC.
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Fig. 4.28 Monthly energetic and exergetic efficiencies obtained by PTSC unit.
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Fig. 4.30 Energy and exergy efficiency of the PTSC unit for different mass flow rates of oil.

Fig. 4.31 shows the variation of the overall efficiency of the integrated system
with the solar irradiance. Both energetic and exergetic efficiencies decrease with
increasing the solar irradiance at a constant mass flow rate of the oil and constant
concentration ratio since increasing solar irradiance while keeping the collector area

constant results in higher amounts of solar intensity to be reflected by the collector.
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Fig. 4.31 Overall monthly energy and exergy efficiency of the integrated PTSC-based HVAC system for a
constant mass flow rate of Therminol-66 and concentration ratio.

Figures 4.32 and 4.33 present the variation of the coefficient of performance of
the integrated system with the solar irradiance and mass flow rate of the oil, respectively.
It can be noticed that both energetic and exergetic COPs are decreased with increasing
the solar irradiance for a constant mass flow rate of oil and constant concentration ratio.
Moreover, increasing the mass flow rate of the oil from 0.1 to 0.5 kg/s results in
decreasing the energetic COP from 2.15 to 1.98 and the exergetic COP from 2.05 to 1.93.
This is due to the fact that increasing the solar irradiance and the mass flow rate of the
inlet fluid allow more heat to be generated by the collector so that more power is fed into
the absorption system for the same cooling capacity resulting in lowering its

performance.
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Fig. 4.32 Energy and exergy COP of the integrated PTSC-based HVAC system for a constant mass flow
rate of Therminol-66 and concentration ratio.
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Fig. 4.33 Energy and exergy COP of the integrated PTSC-based HVAC system for different mass flow
rates of Therminol-66 and concentration ratios for the month of March.
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4.4 PVIT-Based HVAC-Cooling System

Figs. 4.34 and Fig. 4.35 provide weather data for the UAE that is used in
conducting the analysis of the PV/T-based HVAC cooling system. The data covers the
solar irradiance and the air inlet temperature. The data is used to examine the effect of
different operating conditions of the PV/T collector on the performance of the PV/T unit
and the integrated system on a monthly basis.

Fig. 4.36 shows the comparison of the present PV/T model with that presented by
Joshi [119]. The figure represents the variation of the PV/T overall efficiency with
respect to the solar radiation. The small deviation in the present model is due to the
different assumptions set for the collector’s dimensions and the solar intensity available

in the UAE. However, the two models are in good agreement.
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Fig. 4.34 Monthly average solar irradiance for the UAE.
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Fig. 4.36 Comparison of the current PV/T model with the model presented by Joshi et al.[119]
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Monthly variation of the heat and power generated by the PV/T collector is shown
in Fig. 4.37. It is observed that the power output from the PV/T collector increases with
increasing solar irradiance and inlet air temperature. This is due to the fact that the
electrons flowing within the PV module are excited by the photons available in the solar
radiation. So, the more the solar intensity falls on the PV/T, the more the photons excite
the electrons into a higher state of energy, allowing them to act as a charge carrier for the
electric current. On the other hand, heat generated by the PV/T collector is decreased
when the inlet air temperature is increased because of the increase in the difference
between inlet air temperature and ambient temperature which causes some of the heat
generated to be lost to the surroundings. This is because of the inability of the high
temperature air to absorb the generated heat as the flowing air is considered as the heat
removal medium.

Monthly average energetic, exergetic and electrical efficiencies of the PV/T
collector are provided in Fig. 4.38 and Fig. 4.39. The electrical efficiency of the PV/T
collector increases with increasing the solar irradiance, as the greater number of photons
available at higher solar irradiance causes more electrons to be excited within the PV
module and consequently more current in the PV cells. Energetic efficiency decreases as
the solar intensity increases since energetic efficiency measures the capability of the
system to generate heat. The heat generated decreases with increasing air inlet
temperature. The exergetic efficiency for the PTSC increases with increasing solar
irradiance and air inlet temperature. However, the change in exergetic efficiency is small
from month to month, although there is significant variation in the solar irradiance and air
inlet temperature.

Fig. 4.40 shows how the rate of energy output of the PV/T collector is greatly
influenced by the module construction characteristics. One of these characteristics is the
collector area. Both, the power output and the heat generated are increased with
increasing the collector area as more solar irradiance is absorbed by the collector. So, for
higher power and heat production requirements, the PV/T collector can be sized to

provide the amount of power and heat needed.
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Fig. 4.37 Monthly heat and power generated by the PV/T unit.
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Fig. 4.38 Monthly energetic and exergetic efficiencies obtained by the PV/T unit.
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Fig. 4.40 Rate of heat and power generated by the PV/T unit versus collector area.
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As the inlet air temperature and solar irradiance increase, the heat generated from
the PV/T collector is decreased which causes the heat supplied to the HTG to be
decreased. This results in higher energetic and exergetic COPs as shown in Fig. 4.41.
The plot is generated for a constant collector area = 5 cm? and cooling capacity of 10 KW.

As energetic and exergetic efficiencies of the PV/T collector decrease with
increasing the solar irradiance, the overall energetic and exergetic efficiencies of the
integrated system are decreased. This is due to high heat dissipation to the surroundings.
The effect is shown in Fig. 4.42.

As the inlet air temperature increases, the heat generated from the PV/T collector
is decreased. This heat is used to drive the absorption cooling system. Therefore, higher
energetic and exergetic COPs are obtained as the inlet air temperature increase as shown
in Fig. 4.43 for a constant collector area = 5 cm? and cooling capacity of 10 kW. The
effect of increasing the collector area on the energetic and exergetic COPs is presented in
Fig. 4.44. As the area increases, both COPs are decreased as a result of increasing heat
input to the HTG.
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Fig. 4.42 Overall monthly energy and exergy efficiency of the integrated PV/T-based HVAC system for a
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4.5 Hybrid PEMFC-PTSC-PV/T-Based HVAC-Cooling System

In this section, optimum design parameters determined from the analyses
conducted for the PEMFC-, PTSC- and PV/T-based HVAC cooling systems are used in
order to come up with a hybrid system that has the optimum COP and efficiency.

Fig. 4.45 shows the energetic and exergetic COPs of the PEMFC, PTSC and PV/T
integrated with a 10 kW DEAS system. The maximum energetic and exergetic COPs
attained by the hybrid system are 2.936 and 2.500, respectively, which occur in March
where the solar irradiance is minimum. The minimum energetic and exergetic COPs
which are 2.239 and 2.137, respectively, correspond to August which characterized by
high solar irradiance. This is due to the fact that increasing the solar irradiance allows
more heat to be generated by the collector so that more power is fed into the absorption
system for the same cooling capacity resulting in lowering its performance.

Fig. 4.46 shows the overall monthly energetic and exergetic efficiencies of the
hybrid system. The maximum energetic efficiency 69.13% corresponds to March while
the minimum energetic efficiency 64.27 % corresponds to August. The maximum
exergetic efficiency attained by the integrated system is 54.64 % and it occurs in March
while its minimum value, 52.06%, corresponds to August.

The inverse relation is due to the fact that increasing the solar irradiance while
keeping the collector area constant results in a higher amount of solar intensity to be

dissipated to the surroundings.
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Fig. 4.45 Optimum energetic and exergetic COPs obtained by the hybrid system.
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4.6 Summary of Results

In order to choose the optimum design of the absorption system, a comparison
between the proposed systems based on their performance and efficiency is provided in

this section.

Table 4.1 shows the values obtained for the energetic and exergetic COPs as well
as the energetic and exergetic efficiencies of the proposed systems. PEMFCs integrated
with double effect absorption cooling system result in the highest COP among the FPSC-,
PTSC-, and PV/T-integrated systems followed by the PV/T integrated with the triple
effect absorption cooling system. The low performance of the solar systems is due to the
unavailability of solar irradiance in the evening.

In addition, PEMFC integrated with DEAS presents the optimum design
economically as it provides the highest energetic and exergetic COPs as well as the
highest energetic and exergetic efficiencies. The usage of the double effect absorption
cooling system is more cost effective and more suitable for small cooling capacities. The
factory cost of a 10 kW PEMFC stack is about 650 $/kW including materials and labor
costs plus any balance of plant necessary for stack operation. Regarding the operating
lifetime, the PEMFC system can operate up to 30,000 hours which ensures the
continuous operation of the PEMFC system for 3-4 years. As a result, the system can
provide the 10 kW cooling capacity so that no backup power from the grid is needed.
Moreover, the maintenance cost of the system is low depending on the frequency of
repairs and the replacement cost of components due to failure and wear out which are
rarely occur. Also, regular maintenance could be done without turning off the PEMFC
system, and the only time it would be turned off is for change out of the cell stack or
every 30,000 hr. So, although the capital cost of the stationary PEMFC system is high,
the running cost of the system is low [120].

However, the cost of the solar systems are less than that of fuel cells systems as
the input fuel (solar energy) is considered free since it can be obtained from an available
source in nature that is free of charge and is non-depleting. Moreover, solar energy can
be used repeatedly without running down. In addition, the use of thermal storage systems

in FPSC, PTSC and PV/T systems will greatly enhance the performance of these systems
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so that they will be more practical and suitable for residential and commercial buildings
in the UAE which is characterized by a sunny climate. The cost of a solar energy system
depends on many factors such as system size, site work and infrastructure, heat transfer
fluid medium, and whether thermal energy storage is included. Costs per unit area,
however, are generally higher for smaller systems and lower for larger systems. So,
although the PEMFCs system has the highest efficiency and performance, solar energy is
still more cost effective.

The integration of PEMFCs, PTSCs and PV/Ts with a double effect absorption
system results in improved COP in comparison with the use of PTSCs or PV/Ts with a
triple effect system for the same cooling capacity of 10 kW. This is because the double
effect system utilizes the beneficial output from all of these alternative sources of energy.
This hybrid system is the optimum design from a performance point of view. However,
economics and cost should be taken into account in considering the proposed system,
especially for small scale units. As compared to the PEMFC system, the small increase
in the energetic COP (from 2.70 to 2.94) is not a worthwhile investment in comparison to
the increase in the system size and the variety in energy sources used which in turn
affects the overall cost of the hybrid system. Thus, the hybrid system is not

recommenced to be applied unless large cooling capacities are required.

Table 4.1Comparison between the proposed systems and conventional absorption systems based on their
performance and efficiency for cooling load = 10 kW.

Absorption Que Neysen  Tsysex Conventional

System System COP,, COP4 Absorption
Configuration (kW) (%) (%)  System
(COPy)

PEMFC Based HVAC System Double effect  14.8 2.70 2.30 63.41 53.60 1.00-1.40
FPSC Based HVAC System Double effect  17.2 1.88 1.81 19.54 1450 1.00-1.40
PTSC Based HVAC System Triple effect 16.4 2.17 1.96 24.34 1480 1.40-1.60
PV/T Based HVAC System Triple effect 145 2.32 2.06 30.75 16.40 1.40-1.60
Hybrid Based HVAC System Double effect  31.2 2.94 2.50 69.13 54.64 1.00-1.40
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Chapter 5 Conclusions and Recommendations

Alternative cooling systems have been proposed by integrating selected
renewable energy sources, PEMFC, FPSC, PTSC and PV/T collectors, with double effect
and triple effect parallel flow absorption cooling systems that can solve the high energy
demand and high emissions issues associated with conventional cooling systems.
Thermodynamic (energy and exergy) analyses of the integrated systems have been
performed. In addition, a parametric study has been conducted to investigate the effect of
variation in design parameters on the systems’ efficiency, performance, heat gain, and

output power.

5.1 Conclusions

Energy and exergy analyses conducted for the PEMFC show that increasing the
current density has a negative effect on both energy and exergy efficiencies of the
PEMFC. Also, increasing the current density results in an increase in the power output
and heat generated by the PEMFC as well as an increase in the irreversibility of the
system. Moreover, both energetic and exergetic COPs of PEMFC-based HVAC cooling
systems decrease with increased current density. The same behavior is observed by the
energetic and exergetic efficiencies of the integrated system.

From the parametric study of the PEMFC, it is concluded that increasing the
PEMFC operating temperature results in increasing the energy efficiency and power
output. In contrast, increasing the membrane thickness causes the efficiency and power
to be decreased. For the same increase in the operating temperature, the exergy
efficiency increases while the irreversibility decreases. Also, a decrease in the energetic
and exergetic COPs is observed when the PEMFC operating temperature is increased.

The monthly variation of the rate of heat generated by the FPSC results in a
positive behavior for the heat generated against the solar irradiance and inlet water
temperature. As a result, the thermal efficiency of the FPSC is increased with increasing
the same variables while the exergetic efficiency is decreased. Regarding the variation of

COPs and energetic and exergetic efficiencies of the integrated system, both energetic
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and exergetic COPs as well as energetic and exergetic overall efficiencies are decreasing
with increasing the solar irradiance and the inlet water temperature.

The parametric study of the FPSC integrated system shows that the rate of heat
generated increases more rapidly to a certain limit at low mass flow rates of water at
which it becomes almost constant for higher flow rates. In addition, increasing the
collector area causes the rate of heat generated to increase. Moreover, increasing the
mass flow rate of the inlet water causes the energetic efficiency to be increased.
However, increasing the mass flow rate at higher rates does not have a great influence on
the thermal efficiency of the solar system. On the other hand, increasing the collector
area has a negative effect on the energetic efficiency of the solar collector unit. Energetic
and exergetic COPs of the integrated systems are affected by the rate of water mass
flowing into the system as they are decreased with increasing the mass flow rate.
Nevertheless, the mass flow rate has insignificant improvement on the overall
performance of the integrated system.

Energy and exergy analyses of the PTSC show that the highest rate of heat
generation is obtained in August as the solar irradiance is maximum in this month. This
in turn affects the energetic and exergetic efficiencies positively. However, both
energetic and exergetic COPs of the PTSC-based HVAC cooling system are decreased
with increasing solar irradiance.

The parametric study done for the PTSC shows that heat generation rate and
energy and exergy efficiencies are increased by increasing the mass flow rate of the
working fluid. However, increasing the mass flow rate of the working fluid results in
decreasing the energetic and exergetic COPs of the system.

Results obtained from the analysis of the PV/T integrated system show that the
efficiency of the PV/T collector is greatly influenced by the system construction and
climatic parameters with the primary parameters being solar irradiance, inlet air
temperature, and collector area. The power output from the PV/T collector increases
with increasing solar irradiance and inlet air temperature while the heat generated by the
PVIT collector is decreased. The electrical and exergetic efficiencies of the PV/T
collector increase with increasing the solar irradiance while the energetic efficiency

decreases. Regarding the overall integrated system performance, increasing the inlet air
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temperature and solar irradiance causes the energetic and exergetic COPs to be increased,
while it causes the overall energetic and exergetic efficiencies of the integrated system to
decrease.

Results obtained from the parametric study conducted for the PV/T show that the
power output and the heat generated are increased with increasing PV/T collector area
while both energetic and exergetic COPs are decreased.

In the integrated PEMFC-PTSC-PV/T absorption cooling system, the maximum
and minimum energetic and exergetic COPs and overall monthly energetic and exergetic
efficiencies attained by the integrated system occur in March and August, respectively.
The system shows considerable improvement compared to the conventional double effect
absorption cooling system.

The comparison of the proposed systems shows that the PEMFC system
integrated with a double effect absorption cooling system results in the highest COP
among the FPSC-, PTSC- and PV/T-integrated systems, followed by the PV/T integrated
with a triple effect absorption cooling system. The integration of PEMFCs, PTSCs and
PV/Ts with a double effect absorption system results in improved COP in comparison to
the use of PTSCs or PV/Ts with a triple effect system for the same cooling capacity of 10
kW. However, the hybrid system is not economically attractive, especially for small

scale units unless a thermal storage medium is included.

5.2 Recommendations

It is recommended that comprehensive research and analysis on methods of fluid
storage is conducted as it is a crucial unit in renewable energy systems. Thermal storage
systems are the most appropriate methods of correcting the mismatch that occurs between
the supply and demand of energy. Therefore, they are essential in overcoming the
disadvantage of the intermittent nature of solar energy and variation in cooling demand.

For PTSCs, a tracking system can be implemented for better utilization of solar
irradiance so that the efficiency of the system can be further enhanced, leading to the

improvement of the overall performance of the integrated system.
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Moreover, a detailed cost analysis of the integrated systems is highly
recommended in order to study the systems’ performance from an economic point of
view.

Finally, results presented in this research can form the basis of further research

toward the fulfillment of the UAE strategy in sustainable building operations.
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