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ABSTRACT 

 

 

In the last few decades, world has seen an exponential increase in energy 

demand. This high increase in demand brought with it the issue of global 

warming. In this research, we will be studying alternative energy sources 

integrated with absorption cooling system for better and sustainable future. This 

thesis sheds light on results obtained by modelling Proton Exchange Membrane 

Fuel Cell (PEMFC) and Solar Photo Voltaic Thermal (PV/T) integrated with 

Triple Effect Absorption Cooling System (TEACS) and Quadruple Effect 

Absorption Cooling System (QEACS). Energy and Exergy analyses using 

Engineering Equation Solver (EES) are carried out for integrated systems and 

results are presented in this thesis. The results presented in this thesis are for the 

specific operating conditions and cannot be generalized to all systems. The 

detailed energy and exergy analyses of integrated systems show that energy and 

exergy efficiencies of the PEMFC decrease from 69.7 % to 35 % and 56.4 % to 

34 %, respectively, when the current density and the temperature of the PEMFC 

are increased. However, energetic and exergetic COPs increase from 1.53 to 2.66 

and 0.6 to 1.1, respectively, with increase in the temperature of the PEMFC. On 

the other hand, when the pressure, and the current density of the PEMFC are 
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increased, the energetic and exergetic COP decrease from 2.8 to 1.6 and 1.3 to 

0.6, respectively. Increase in PEMFC current density results in the decrease of the 

overall energetic and exergetic efficiencies from 66.9% to 33.4%, and 25.9% to 

12.9%, respectively. For the Solar PV/T integrated with TEACS, it is found that 

the overall energy and exergy efficiency varies greatly from month to month 

because of the variation in the solar radiation and the time for which it is 

available. The highest energy and exergy efficiencies are obtained for the month 

of March and their value is 15.6% and 7.9%, respectively. However, the hydrogen 

production is maximum for the month of August and its value is 9.7 kg because in 

august, the solar radiation is high and is available for almost 13 hrs daily. The 

maximum energetic and exergetic COPs are calculated to be 2.28 and 2.145, 

respectively and they are obtained in the month of June when solar radiation is 

high for the specified cooling load of 15 kW. This research is intended to help 

researchers and governments around the world to design the integrated systems 

for better environmentally friendly, efficient and sustainable future. 
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Chapter 1 Introduction 

Energy plays a vital role in our life. We utilize energy in almost 

everything we do, from health equipments to transportation to human comfort. 

Last few decades have seen an unexpected growth in energy demand. This 

demand for energy is increasing at such a high rate that even major countries in 

the world are finding it hard to keep up with the demand. Especially countries in 

Gulf Region, where more than 60% of energy is utilized to run conventional 

vapour-compression air-conditioning systems, the demand of energy is increasing 

at an unprecedented rate.  As the demand increases, the emission of CO2, NOx 

and other green house gases also increases due to the use of fossil fuel as major 

energy provider. Many environmental issues are caused by or relate to the 

production, transformation and use of fossil fuel energy, for example, acid rain, 

stratospheric ozone depletion and global climate change [1]. Humankind has now 

realized that emissions of these gasses are deteriorating our environment at high 

pace in shape of change in climate and increase in water levels due to the melting 

of ice. Also, the conventional systems which run on fossil fuels have low 

efficiency and high amount of emission of green house gases. These dis-benefits 

of using conventional system made researchers to think about a new source of 

energy which is eco-friendly and efficient also. Proton Exchange Membrane Fuel 

cell (PEMFC) and Solar PV/T systems provide an attractive alternative to 

conventional fossil fuel systems for power production. Also, research has been 

carried out in the field of absorption system, in order to replace conventional 

vapour-compression systems. PEMFC and Solar PV/T system integrated with 

absorption system provide an excellent alternative to the energy crisis for the gulf 

region, as these integrated systems are eco-friendly, and sustainable at the same 

time. 

1.1 Background and Motivation 

This section provides a brief background of the PEMFC, Solar PV/T, and 

absorption refrigeration system. 

1.1.1 Fuel Cell 
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A fuel cell is a power and heat producing device which converts chemical 

energy directly into electrical energy and heat with the use of membrane. The 

membrane is used to separate fuel molecules into proton and electron. Protons are 

allowed to pass through the membrane where as electrons go through the circuit 

giving power. These electrons and protons combine with an oxidizing agent on 

the cathode side to produce heat and water. The idea of fuel cell was first 

introduced by Christian Friedrich Schönbein in 1839 and was later used by Welsh 

scientist Sir William Robert Grove to further advance the fuel cell technology. 

This new technology got its first boost when General Electric Company (G.E.) 

employed two chemists W. Thomas Grubb and Leonard Niedrach to work in the 

field of fuel cell and take it from theory and place it in physical world. The 

modified cell used sulphonated polystyrene ion-exchange membrane as the 

electrolyte; with platinum deposited on the membrane. Platinum serves as catalyst 

that speeds up the hydrogen oxidation and oxygen reduction. The resulting fuel 

cell was called 'Grubb-Niedrach fuel cell'. G.E. along with NASA and Douglas 

pursed the development of fuel cells to make this technology as user friendly as 

possible. 

United Technology Corporations (UTC) was the first company to 

commercially manufacture stationary fuel cell systems. The commercial 

application was wide spread; it was used in co-generation power plant in 

hospitals, universities and large office buildings. UTC Power still sells 200 kW 

systems in the market; UTC also is the sole supplier of fuel cells to NASA for use 

in space vehicles [2].  

1.1.2 Solar PV/T 

Solar energy is the free energy which is available to us in the universe. 

Practices of harnessing solar energy date back to the ancient time when it was 

used to cook food and boil water. Solar Photovoltaic Thermal systems utilize the 

free solar energy to produce power and heat. Photovoltaic system converts solar 

radiation into direct power using semiconductors which are placed together in the 

photovoltaic cell. On the other hand, solar thermal system uses a fluid which runs 

through the duct on which solar radiations are falling, hence, gaining heat from 
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the solar radiation and leaving the duct at higher temperature than inlet of the 

duct. Solar PV systems combined with solar thermal system are known as Solar 

PV/T system. Solar PV/T systems harness solar energy to produce both power 

and heat at the same time. The use of solar PV/T system has increased in last 

decade due to the demand of environmental friendly and cheap energy source. 

1.1.3 Absorption System 

Absorption systems were widely used in the early years of the twentieth 

century, but were replaced by vapour-compression due to the high Coefficient of 

Performance (COP). On average absorption system has one fifth of the COP of 

vapour-compression cycle. As the issue of depletion of environment started taking 

toll in the last decade, absorption systems again came into existence .Unlike the 

vapour-compression refrigeration, the absorption refrigeration system is 

considered a “heat driven” system that eliminates the need of compressor which is 

energy eating device. It replaces the energy-intensive compression in a vapour 

compression system with a heat activated thermal system [3]. 

1.1.4 Problem statement 

As the demand of energy is increasing at an unprecedented rate, it has 

become very important to come up with a system which is energy efficient, eco-

friendly and sustainable at the same time. In the gulf region, more than 60% of 

energy produced is utilized to run the refrigeration systems. In this region where 

there is an ample amount of fossil fuel, majority of power plants are run on the 

basis of fossil fuels. As the demand is increasing the installation of new fossil fuel 

power plants are also increasing. These fossil fuel power plants emit loads of 

green house gasses such a CO2, NOx, SO2 and so on, which are harming the 

environment. Moreover, the refrigeration systems which are used untill date are 

vapour-compression systems which consume loads of energy in order to compress 

working refrigerant from one state to another. Due to all these drawbacks of fossil 

fuel and vapour-compression systems, it has become eminent to introduce new 

power and cooling production technologies which are environmental friendly, 

efficient, and sustainable. This research is focussed towards providing hybrid 

systems for better future. Systems studied in this research are combination of 
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PEMFC, Solar PV/T, TEACS, and QEACS. The absorption system studied runs 

on ammonia-water solution. These systems were selected based on their overall 

performance and their effect on environment. Sustainability also played a major 

role in selection of these systems as the purpose of this research is to provide 

hybrid systems which are effective, environmental friendly, and sustainable for 

building operations. 

1.1.5 Objectives 

The objective of this research is to carry out thermodynamic analysis of 

alternative energy and cooling production systems separately, and then integrate 

them with each other to attain a combination of systems which are renewable, 

environmental friendly and sustainable. In this research different alternative 

energy systems integrated with novel absorption systems will be studied from 

thermodynamics point of view to see the effect of different parameters on the end 

result of the system. The objective of this research is to propose different 

integrated renewable/alternative energy systems which can cater the problem of 

high energy demand and emission of green house gases. The specific objectives 

of this study are: 

1. Examine the operating principles of PEMFC integrated with TEACS, Solar PV/T 

integrated with TEACS, and PEMFC integrated with QEACS. 

2. Conduct energy and exergy analyses of PEMFC integrated with TEACS, Solar 

PV/T integrated with TEACS, and PEMFC integrated with QEACS. 

3. See the effect of pressure, temperature, current density, and condenser load on 

performance of PEMFC integrated with TEACS, and PEMFC integrated with 

QEACS. 

4. Observe the effect of monthly weather data, solar radiation, air temperature, and 

condenser load on the performance of Solar PV/T integrated with TEACS 

1.1.6 Scope 

The scope of the research involves studying different types of alternative 

energy systems and absorption cooling systems. Later coming up with a novel 

absorption system integrated with alternative energy source for the better future. 

The new system should be sufficient enough to provide power and cooling to the 
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building without relying on the government grid to make the system sustainable 

on its own. 

1.1.7 Methodology 

At first PEMFC, Solar PV/T, and single and multiple effect absorption 

systems will be modelled thermodynamically and there thermodynamics 

properties such as enthalpy, entropy etc. will be obtained from Engineering 

Equation Solver (EES). Once above mentioned systems are modelled individually 

and satisfactory results are obtained then different combinations of PEMFC, Solar 

PV/T, and absorption systems integrated with each other will be modelled 

thermodynamically. Both energy and exergy analyses will be conducted to see the 

effect of different operating parameters on the efficiency and effectiveness of the 

overall system. EES will be used to obtain thermodynamic relations and 

Microsoft Visio will be utilized to make the schematics of the systems studied. 

1.2 Literature Survey 

There are different types of renewable/alternative energy sources 

available. In this thesis, PEMFC, Solar PV/T, and absorption systems integrated 

with each other will be investigated. 

1.2.1 Fuel Cell 

There are several types of fuel cells available to work on, yet all of them 

are not feasible for several reasons. Details for these different fuel cells and the 

reasons they were not feasible will follow below: 
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1.2.1.1 Tubular solid oxide fuel cell 

 

Fig. 1. 1 Schematic diagram of the TSOFC [4] 

This is a solid oxide fuel cell that differs greatly from most common fuel 

cells in terms of the technologies it employs. First of all the whole cell is in the 

solid state, including the electrolyte, anode and cathode. All of them are 

composed of ceramics and the cells are arranged in a tubular fashion. This type of 

fuel cell operates at temperatures up to 1000 
o
C. The waste heat that is produced 

as a result of the operation is often used in a combined cycle to generate further 

energy [5]. 

Oxygen from air is passed through the cathode side in the tubular cell and 

hydrogen is passed over the anode side of the tubular cell and electrons are 

generated at the anode side, where they are collected to flow through a circuit to 

create electricity. Fig. 1.1 shows the schematic for the cell. The efficiency of this 

fuel cell is around 50%; however, in the cases where waste heat is recovered, the 

efficiency of this fuel cell reaches the range of 80 - 85%.[5] 

The drawback of this fuel cell is that it requires the maintenance of a very 

high temperature, which is not practical and easy to maintain on a small scale 

residential building. 
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1.2.1.2 Direct Methanol Fuel Cell 

 

Fig. 1. 2 Schematic diagram of the Direct Methanol Fuel Cell [6] 

This is a proton exchange fuel cell which is most similar to the PEMFC in 

the sense that the charge carrier is the proton from a hydrogen atom and the 

electrolyte is a polymer as shown in Fig. 1.2. At the anode side, methanol and 

water combine and react to produce carbon dioxide, hydrogen ions, and the 

protons that cross the membrane. At the cathode, the oxygen, hydrogen ions and 

protons combine to produce water. [7] 

This fuel cell has been successfully used to power a number of small 

electronic appliances such as cell phones and laptops; however its use has not 

entirely become commercial [7].  

The drawbacks with this type of cell are its low efficiency, making it 

necessary to employ the use of greater quantities of expensive platinum catalyst, 

and the fact that methanol is a toxic substance. The toxicity of the methanol used 

in particular, makes it impractical to implement it in a residential building due to 

safety issues. 
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1.2.1.3 Alkaline Fuel Cell 

 

Fig. 1. 3 Schematic diagram of the alkaline fuel cell [8] 

Being one of the best developed types of fuel cell, the alkaline fuel cell 

has been successfully used in many space and underwater operations.  

Oxygen is supplied to the cathode of this cell and hydrogen is supplied to 

the anode. Using aqueous potassium hydroxide in a stable and porous matrix as an 

electrolyte, and a hydroxyl ion as a charge carrier, the products of this reaction are 

water and electrons. A schematic showing the operation is shown in Fig. 1.3. This 

fuel cell operates on a range of 80 – 220 
o
C. The problem with this fuel cell is the 

sensitivity of its electrolyte. When exposed to carbon dioxide, water and methane, 

the electrolyte is poisoned, damaging it and reducing its performance. [8] 

This type of fuel cell is one of the most efficient ever produced and the 

components used to manufacture it are also relatively inexpensive as the catalyst 

used is abundant and inexpensive when compared to other fuel cells; however, its 

use is restricted to underwater applications and areas with vacuum, such as 

spacecraft, where the presence of carbon dioxide or other compounds detrimental 

to its electrolyte are not present and may not hamper its operational abilities [8]. 

The issue of electrolyte sensitivity thus makes it a non-feasible choice for the 

object of this thesis. 
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1.2.1.4 Direct Formic Acid Fuel Cell 

 

Fig. 1. 4 Schematic diagram of the Direct Formic Acid Fuel Cell. [9] 

Similar to the methanol fuel cell, the direct formic acid fuel cell involves a 

direct feed of formic acid to the cell without the need of catalytic reforming. 

Formic acid and oxygen are converted into carbon dioxide and water and 

electrons that are released in the reaction generate the electric output. Similar to 

the PEMFC, a polymer membrane is used whereby only ions are allowed to pass 

through [10]. The flow of charges is from the anode to the cathode. The schematic 

of this cell is shown in Fig. 1.4. 

The storage of formic acid is much easier than the storage of hydrogen, 

making it more advantageous than the PEMFC in this respect. Furthermore, 

formic acid is not toxic like methanol, and it does not cross the membrane as in 

the methanol fuel cell, raising the maximum possible efficiency of the cell [10]. 

The drawback of this cell is the low power density, and the low power output, 

making this type of cell suitable only for smaller electronic devices. This is why 

this cell was impractical to work on as a source of alternative energy; hence, it 

was not selected for use in the thesis. 
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1.2.1.5 Proton Exchange Membrane Fuel Cell 

 

Fig. 1. 5 Schematic of PEMFC 

PEMFC involves direct feed of hydrogen to the anode side of the plate and 

oxygen to the cathode side of the plate. Hydrogen molecules are split into protons 

and electrons and only protons are allowed to pass through the membrane. 

Electrons travel through the circuit giving out power. Electrons, protons, and 

oxygen combine with each other on the cathode side giving out heat, and water as 

shown in Fig. 1.5. 

 PEM fuel cells have appeared as a promising source of energy which can 

cater our problem related to efficient, effective, sustainable, and eco-friendly 

system. Hydrogen energy system is considered to be one of the most effective 

solutions, and can play a significant role in providing better environment and 

sustainability. It is an energy-efficient, low-polluting fuel [1]. Other advantage of 

using PEM fuel cells for sustainable operation is that they work at lower 

temperature and are easy to operate. PEM fuel cells are one of the most promising 

fuel cells because of its advantages such as simplicity, low operating temperature, 

and easy maintenance [11, 12]. Hydrogen is expected to play a key role in the 

near future as an energy carrier for sustainable development [13-23]. The use of 

hydrogen as an energy provider by using fuel cell holds a great potential due to 

higher efficiency, and eco-friendliness. Also, use of hydrogen as a fuel makes the 

energy generation process eco-friendly, because, the by-product of this process is 

water. The use of hydrogen in fuel cells to generate electricity is efficient and 

clean with water as the only by-product [14-19]. In the future, the role of 

hydrogen may become more important, as some researchers suggest that the 
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world‟s energy systems may undergo a transition to an era in which the main 

energy carriers will be hydrogen [21-24].  

1.2.2 Solar PV/T 

 

Fig. 1. 6 Schematic diagram of Solar PV/T 

Solar PV/T systems are the systems which harness solar energy to produce 

power and heat as shown in Fig. 1.6. These systems directly convert solar 

radiation in to power and heat using semiconductors embedded in the PV panel. A 

photovoltaic/thermal hybrid solar system (PV/T) is a combination of photovoltaic 

(PV) and solar thermal components/systems that produce electricity and heat from 

one integrated component or system [25].  The PV/T collector produces thermal 

and electrical energy simultaneously. In addition, it is one of the cheapest ways of 

producing power and heat as solar energy is a gift to us from the nature. Though 

solar PV systems on their own have low efficiency but when they are integrated 

with thermal system to make PV/T system, the overall efficiency of the system 

enhances. Besides the higher overall energy performance, the advantage of the 

PV/T system lies in the reduction of the demands on physical space and the 

equipment cost through the use of common frames and brackets as compared to 

the separated PV and solar thermal systems placed side-by-side [26]. There are 

different types of solar systems available which are explained below.  
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1.2.2.1 Flat Plate Collectors 

These are the most common types of collectors used at present. They 

consist of a transparent cover which allows solar radiation to pass through. These 

solar radiations are then absorbed by the semiconductors which are laid together 

to make a module with a black base to produce electricity. The black base absorbs 

the solar radiation. These solar modules are placed on top of a duct. As the solar 

radiations are absorbed the black bottom of the module gets heated up and then 

this heat is transferred to the fluid flowing through the duct in order to give heat.  

Water flows into a lower corner of the collector and becomes heated before 

exiting through a higher corner [27]. 

1.2.2.2 Parabolic trough 

This type of collector is generally used in solar power plants.  A trough-

shaped parabolic reflector is used to concentrate sunlight on an insulated tube or 

heat pipe, placed at the focal point, containing coolant which transfers heat from 

the collectors to the boilers in the power station. These types of solar panel have 

higher efficiency than flat plate solar panels as the trough shape concentrates solar 

radiation on the focal point, hence reducing the amount of rays reflected and 

enhancing the efficiency. Measured results under typical operating conditions 

show thermal efficiency around 58% and electrical efficiency around 11%, 

therefore a combined efficiency of 69% [28].  
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1.2.3 Absorption Systems 

Maximum amount of energy available in the grid of the Gulf countries is 

used to provide cooling. Most of the cooling systems used at present are 

conventional vapor-compression cooling system. These systems utilize huge 

amount of energy to run the compressor to achieve the required high pressure of 

the system. This high energy consumption leads to usage of more fossil fuel for 

the production of power which results in higher greenhouse gases emissions. In 

order to reduce the load on the grid and to make the cooling system more eco-

friendly, researchers have worked on absorption systems. The absorption cooling 

technology is one of the best alternatives to the compression cooling in the 

aspects of energy diversification and environmental protection. Absorption 

systems use heat as an input to the system unlike conventional system. This use of 

heat instead of electrical power results in significant reduction in the power 

requirement of the system and hence, reducing the use of fossil fuels. Since the 

absorption technology was extensively used for practical application, a number of 

high-performance absorption cycles have been introduced for both residential and 

industrial applications. The performance of a cooling cycle is represented by the 

COP which is the ratio of cooling capacity to energy input. Most amount of work 

is being done on single and double effect absorption systems by researchers [e.g., 

29-32]. The COP of a conventional double-effect LiBr/H2O absorption cooling 

cycle is approximately 1.2. Here the „„effect‟‟ implies the number of actual use of 

energy input to produce cold, thus the multiple-effect cycles have higher COP 

values. Recently, the triple-effect absorption cycle has attracted much interest to 

replace the conventional machine as the more efficient one. The expected COP 

value of the triple-effect cycle is known to be about 30% higher than that of the 

double-effect cycle. A basic type of triple-effect cycle might be simply composed 

by adding one more generator into the existing series-or parallel-flow double-

effect cycle. Some types of advanced triple-effect cycles have been also suggested 

to improve the energy efficiency of the basic triple-effect cycle. However, the 

construction of a triple-effect absorption cooling machine using the efficient 

lithium bromide-based working fluid has been greatly hindered by the corrosion 
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problem caused by the high generator temperature above 473.15 K. The 

conventional LiBr/H2O solution is known to cause a serious problem of corrosion 

[33]. Hence, in order to increase the COP of the system and to cater the problem 

of corrosion, a triple effect parallel flow absorption system using ammonia-water 

solution is analyzed. Earth metal salt is a well known inhibitor used for systems 

operating with Ammonia-water solution. Therefore, the problem of corrosion 

which arises in LiBr/H2O system can be taken care of in a cheap and an efficient 

way. In addition, use of triple effect absorption systems can help getting COP 

above 1.6 [12]. In case of triple effect absorption system, rare amount of research 

work is being published and the papers which are being published such as [33-36] 

use LiBr/H2O solution, which has a drawback of corrosion at high temperature.  

1.2.4 Exergy Analysis 

Exergy analysis is a powerful tool for the design, optimization, and 

performance evaluation of energy systems. The general principles and 

methodology of exergy analysis can be found in various sources [37-44]. An 

exergy analysis usually aims to determine the actual and maximum efficiencies of 

a system and the sites of exergy destruction. An exergy analysis of a complex 

system can be performed by analyzing the components of the system separately. 

Identifying the main sites of exergy destruction provides the direction for 

potential improvements. An important object of exergy analysis for systems is to 

find the real efficiency or COP of the system. In terms of COP it is the ratio of 

exergy destructed by the evaporator to the exergy destructed by the HTG. In 

general exergetic efficiency is defined as exergetic content of the output divided 

by exergetic content of input. 

1.2.5 Homogeneous Mixture 

A homogenous mixture is uniform in composition no matter what is the 

molecule size of a substance. The various properties such as density, temperature, 

pressure, and volume etc. of a homogenous mixture are uniform throughout. A 

homogeneous mixture cannot be separated into its molecules just by mechanical 

means such as centrifuging. In nature all gasses are homogenous due to their 

property of diffusing into each other when brought in contact. Example of a 
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homogenous mixture is moist air which is a mixture of dry air and water vapour 

[45].  

1.2.6 Heterogeneous Mixture 

A heterogeneous mixture is non-uniform mixture. Substances of 

heterogeneous mixture display different volume, temperature, pressure, and 

density etc. at a given state. A heterogeneous mixture substance can be separated 

using ordinary mechanical means such as settling or centrifuging. An example of 

a heterogeneous mixture is a fog which is a mixture of water liquid and saturated 

air [45]. 

After discussion each elements of the research individually, in the later 

sub-sections discussion on three integrated systems will be carried out. The aim of 

this research is to provide reader with different systems which can act in an 

efficient, effective, and sustainable manner. These three systems were developed 

by integrating PEMFC, Solar PV/T and multiple-effect absorption system 

together. 

1.2.7 PEMFC Integrated with TEACS for Cooling and Power Production 

First integrated system studied utilizes PEMFC and absorption system to 

provide efficient, effective, and sustainable power and cooling. There are works 

being carried out to integrate renewable energy sources with the refrigeration 

systems in order to make them efficient, eco-friendly and sustainable. The 

achievement of sustainability in the building sector necessitates a tremendous 

effort to reduce energy demand, boost energy efficiency and increase the share of 

renewable energy sources [46]. Most of this work has concentrated on integrating 

solar energy with absorption system. Solar or waste heat driven absorption 

cooling plants can provide summer comfort conditions in buildings at low 

primary energy consumption [47]. However, solar energy on its own cannot be 

looked at as the sustainable source because of its low efficiency and dependence 

on the sun. Besides the grid-connected photovoltaic (PV) system, another timely 

example of the distributed residential energy supply technology is small-scale 

combined heat and power (micro CHP) generation, with a maximum electrical 

output capacity between roughly 1 kW and 10 kW [48]. This issue of 
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sustainability makes PEM fuel cells more reliable and advisable. In recent years, 

hybrid photovoltaic-hydrogen/fuel cell energy systems have been popular as 

energy production systems that are clean, environmental-friendly, modular, and 

independent from fossil fuels [49]. Integration of PEMFC with TEACS makes the 

system tri-generation, as this system produced power, heat, and cold at the same 

time. The benefit of integrating PEM fuel cell with the absorption system is that it 

produces nearly the same amount of heat as power and this heat and power can be 

used to cater the energy demand of the house; hence, making it sustainable. A 

PEMFC produces nearly a similar amount of waste heat as its electrical power 

output so as to render its energy-conversion efficiency of roughly 80%. For an 

automotive fuel cell engine rated at 100kW, this means 100kW heat dissipation 

rate. This thermal energy dissipated can be used for powering absorption 

refrigeration cycle [50]. Moreover, PEM fuel cells have shown better performance 

than its competitors when they are running physically. Operational fuel cell 

systems have demonstrated superior performance to combustion-based generation 

technologies at scales from 5kW to 2MW, a range that includes the electrical 

requirements of most buildings [51]. PEM fuel cell integrated with TEACS can be 

considered as a trigeneration system, because trigeneration systems include those 

processes of production and simultaneous use of electricity, heat and cold, from a 

single fuel source [52]. In addition, integration of PEM fuel cell with absorption 

systems has also attracted the attention of many researchers [e.g., 50, 52-55]. 

These researchers have tried to study the feasibility of integrating PEM fuel cell 

with air-conditioning systems. The results showed the feasibility of using PEM 

fuel cell for cooling, increasing the total efficiency of the fuel cell system [50]. 

There are very limited studies related to the investigation of the performance of an 

absorption system integrated with a PEM fuel cell available in the literature. Also, 

the most amounts of studies which are being done are on the integration of PEM 

fuel cell with the single effect systems or integration of solar system with 

absorption system. This is a motivation behind conducting research in this field, 

the main goal of this part of overall research is to develop a relationship for an 
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integrated PEM fuel cell with TEACS and evaluate the performance of the system 

based on efficiency, COPs, cooling load and utilization factor. 

1.2.8 Solar PV/T Integrated with TEACS for Cooling and Hydrogen Production 

Another alternative to achieving effective, efficient and sustainable 

cooling and power is the use of solar energy as an energy provider for cooling and 

hydrogen production. Water electrolysis currently provides an attractive solution 

to the problem of hydrogen production. One of the major benefits which water 

electrolysis has over other technologies for production of hydrogen is that it is 

compatible with both recent technologies and future technologies such as solar, 

wind, wave, geothermal, etc. This benefit makes it an ideal choice to be used even 

during transition period from fossil fuels to renewable. Other benefit of using 

water electrolysis is that it can provide onsite hydrogen which can be handy for 

sustainable buildings. Provision of on-site, on-demand hydrogen generation at 

homes, service stations and other end-user sites lead to a reduction in 

transport/storage costs of hydrogen [56, and 57]. Most of the water electrolysis 

technologies to date have used an acidic or alkaline electrolyte systems and PEM 

electrolysis system for hydrogen generation [58-62]. Typical system efficiencies 

quoted are in the 55–75% range with most commercial systems having 

efficiencies below 65% [56].  

In order to run the water electrolysis equipment to produce hydrogen in an 

environmental friendly manner we need to use an environmentally benign energy 

source. Solar PV/T holds a great potential to be the power source for the 

electrolysis system and at the same time providing energy to run the absorption 

system. There are many researchers who have studied the integrated system, 

which uses renewable energy technologies to produce hydrogen. The idea of 

using solar as a power source for the water electrolysis is widely supported by 

researchers because solar can provide a cheap source of energy which is 

environmentally benign. Majority of the work is done on the usage of solar energy 

for production of hydrogen such as by researchers [63-70]. In this part of research 

we will be using solar energy integrated with absorption cooling technology and 

water electrolysis system for the production of cooling and hydrogen. 
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1.2.9 PEMFC Integrated with QEACS for Cooling Production 

The third system studied in this paper makes use of hydrogen energy to 

provide cooling using more effective and efficient quadruple effect absorption 

system. Majority of the power plants working in the countries situated in gulf 

region use fossil fuel. Such a high usage of fossil fuels brings with it high amount 

of green house gasses emission. It also causes problems to the environment, such 

as global warming, air pollution, ozone depletion, forest destruction and emission 

of the harmful gasses. It has become more significant than ever to design an air-

conditioning system that is energy efficient and eco-friendly. The PEM fuel cells 

appear to be a promising power source for the air conditioning system because of 

its numerous potential and application opportunities and with a benefit of being 

energy efficient and eco-friendly. Hydrogen as a fuel holds in itself all the 

capabilities of working as an alternative fuel which is environmentally friendly 

and sustainable at the same time. Hydrogen is expected to play a key role in the 

near future as an energy carrier for sustainable development [13, 16, 20, and 23]. 

The use of hydrogen as an energy provider by using fuel cell holds a great 

potential due to higher efficiency, and eco-friendliness. Also, use of hydrogen as a 

fuel makes the energy generation process eco-friendly, because, the by-product of 

this process is water. The use of hydrogen in fuel cells to generate electricity is 

efficient and clean with water as the only by-product [16 and 20]. In the future, 

the role of hydrogen may become more important, as some researchers suggest 

that the world‟s energy systems may undergo a transition to an era in which the 

main energy carriers will be hydrogen [23, and 71-74]. All these benefits 

associated with PEMFC make it an attractive solution to the energy and 

environment crisis. These benefits also make it a good contender for the combine 

power and cooling production systems. 

There are many alternatives available to the conventional air conditioning 

systems, but two prominent ones are adsorption system, and absorption system. 

Reasonable amount of work has been done on adsorption systems [75]. The 

energy need especially for food refrigeration applications is huge and requires 

potential solutions through renewable such as solar. Absorption refrigeration 
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systems appear to be a key solution to meet the energy requirement [29]. The 

common applications are single-effect and double-effect absorption refrigeration 

system rarely. Of course, increasing the effect will increase the efficiency or 

coefficient of performance of the system. Therefore, in this part of the study we 

propose a QEACS integrated with PEM fuel cell as a potential solution to these 

problems. This system uses least amount of energy input to the system in order to 

cool the space. Moreover, the source of energy for this system is hydrogen which 

is considered as green fuel. Therefore, the by-products of the PEM fuel cell are 

steam and water. In addition, quadruple effect absorption system recovers the near 

maximum amount of heat from the system with the help of three heat-exchangers 

and three generators.  

Absorption systems have always received some attention in the past by 

many researchers [e.g., 30-32, and 76-77] who tried/to analyze and evaluate the 

system with different working fluid combinations (more commonly with water-

LiBr and ammonia-water). Recently, due to global warming problem and other 

issues, the attention has been renewed with a greater interest to study these with 

renewables. At present, work on integration of sustainable energy sources to triple 

effect absorption cooling system (TEACS) is being carried out in order to make 

the system more efficient and eco-friendly as compared to single and double 

effect absorption systems. At present solar energy and fuel cell is attached to the 

TEACS due to its eco-friendliness nature as it is discussed in detail elsewhere [50, 

53, 78, and 79-82].   

The absorption cooling technology is one of the best alternatives to the 

compression cooling in the aspects of energy diversification and environmental 

protection. Since the absorption technology was extensively used for practical 

application, a number of high-performance absorption cycles have been 

introduced for both residential and industrial applications. The performance of a 

cooling cycle is represented by the COP which is the ratio of cooling capacity to 

energy input. The COP of a conventional double-effect LiBr/H2O absorption 

cooling cycle is approximately 1.2. Here the „„effect‟‟ implies the number of 

actual use of energy input to produce cold, thus the multiple-effect cycles have 
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higher COP values. Recently, the triple-effect absorption cycle has attracted much 

interest to replace the conventional machine as the more efficient one. The 

expected COP value of the triple-effect cycle is known to be about 30% higher 

than that of the double-effect cycle. In this paper we study a novel QEACS using 

ammonia-water solution. We use ammonia-water solution because of the ease of 

controlling corrosion which can hinder the function of the system greatly. The 

construction absorption cooling machine using the efficient lithium bromide-

based working fluid has been greatly hindered by the corrosion problem caused 

by the high generator temperature above 473.15 K. The conventional LiBr/H2O 

solution is known to cause a serious of corrosion problem. [33] 

In the open literature, there are no studies undertaken to investigate the 

performance of quadruple effect refrigeration systems integrated with PEM fuel 

cell through COPs, and overall efficiency. This has been the motivation behind 

this novel work. In this regard, the main goal of this part of the thesis is to 

develop and analyze a quadruple effect absorption refrigeration system integrated 

with PEM fuel cell through energy and exergy. Evaluate its performance through 

energy and exergy based COPs for various operating conditions. In addition, 

conduct parametric studies to investigate the effects of varying temperature of the 

PEMFC, pressure of the PEMFC, and area of the PEMFC on the overall system 

performance.  

1.2.10 Research Results and Summary of Key Findings 

The motivation behind conducting this research was to propose and design 

a system which can cater the problem of global warming in the best way possible. 

In this research, three integrated systems were studied. These three integrated 

systems consisted of PEMFC, Solar PV/T, and absorption cooling technologies. 

These three systems were selected on the basis of their environmental friendliness 

and advantage of providing cheap, effective, efficient, and sustainable outputs. All 

three integrated system studied in this research were thermodynamically modeled 

in EES. The results of parametric studies showed that these systems can be looked 

at as reliable systems to meet future energy demands and to cater the problem of 

global warming. It was found that increasing TFC results in lower efficiency of the 



21 
 

fuel cell but it results in higher COPs of the absorption system. Moreover, 

increase in pressure, current density and area of the fuel cell results has positive 

effect on the efficiency of the fuel cell and negative effect on the performance of 

the absorption system. The solar system performed best in the months when solar 

radiations were high and maximum COPs of absorptions system were obtained 

for the same months. In addition, maximum hydrogen output using electrolysis is 

obtained for the month when solar radiation was high and was available for 

relatively longer time. These results show that the systems studied are capable of 

providing us with sustainable and global warming free future. 

1.2.11 Thesis Organization 

In this chapter, the background of the individual systems and integrated 

systems, the problem statement, the objectives of the research, its scopes, method 

of approach as well as the summary of key findings have been outlined. The 

remaining chapters will be organized as follows. 

The description of all three integrated systems is provided in details in 

chapter two. Also, the impact of this research on environment is discussed in 

second chapter. However, in chapter three thermodynamic modeling of each 

integrated system is provided. This chapter helps reader understand how each 

integrated system is formulated and which equations and properties are being 

used to carry out the energy and exergy analysis of the integrated systems studied 

in this thesis. Chapter four comprises of the results obtained by carrying out 

thermodynamic analysis of all three integrated systems studied in this thesis. In 

this chapter, very comprehensive discussion is done on how system behaves when 

its operating parameters are changed. Finally, conclusion of this work, and 

recommendations for future work are stated in chapter five.  



22 
 

Chapter 2 System Description and Environmental Impact 

2.1 Operational Principle of PEMFC Integrated with TEACS for Cooling and Power 

Production 

The integrated system, which is analyzed in this section, can be seen in 

Fig. 2.1. Hydrogen is being fed into the PEM fuel cell using cylinders filled with 

pure hydrogen. This hydrogen is supplied to the hydrogen flow plate, which is in 

contact with the Membrane Electrode Assembly (MEA). When hydrogen 

molecules come in contact with MEA, they break into protons and electrons 

owing to the characteristic of MEA of accepting only protons. Electrons are then 

taken away from the anode side with the help of an electric connection and are 

then fed into the electrical system to give out energy. After giving out energy, 

electrons are brought back to the cathode-side flow plate where protons are 

already available. The air is supplied on the cathode-side flow plate. The air, 

protons and electrons combine together to give out steam and water as by-

products. The power and heat generated by the fuel cell are then fed into the 

TEACS. Small amount of power is fed into the pump of TEACS. All of the heat 

and the remaining amount of power are being fed into the High Temperature 

Generator (HTG) where strong solution coming from the absorber at state 21 is 

being heated to leave as a weak solution at state 22 and ammonia-water vapor 

mixture at state 8. Weak solution coming out of state 22 then gives out heat in the 

High temperature Heat Exchange (HHX) and combines with weak solution 

coming from state 19 and leaves at state 24. This weak solution from state 24 then 

gives out heat in the Medium temperature Heat Exchanger (MHX) and combines 

with weak solution from state 16 to leave at state 26. This weak solution then 

enters the Low temperature Heat Exchanger (LHX) where it heats the strong 

solution coming from state 11c. After giving heat, weak solution at state 27 enters 

expansion valve where it loses temperature and enters the absorber at state 28. 

The ammonia-water vapor mixture from state 8 then enters the Medium 

Temperature Generator (MTG) where it heats the strong solution coming from 

state 18 and leaves as ammonia-water vapour mixture at state 5 and 7. These two 

ammonia-water vapor mixtures then combine to leave at state 7a. Ammonia-water 
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vapor mixture at state 7a enters the Low Temperature Generator (LTG) and heats 

the strong solution coming from state 15 and leaves as ammonia-water vapor 

mixture at state 6 and 4. State 6 goes directly into the condenser while state 4 goes 

into the Condenser Heat Exchanger (CHX) to lose heat to the liquid coming from 

state 11b and leave at state 13. Ammonia-water vapor mixture leaving CHX at 

state 3 enters the condenser and gives out heat and then leaves at state 2, which 

passes through the expansion valve and leaves at state 2a to enter the evaporator. 

In the evaporator, heat is being gained by the system and the heated mixture 

leaves at state 1 to enter the absorber where it gives out heat and mixes with the 

weak solution coming from state 28. This mixed solution then leaves at state 11 in 

the form of strong solution to enter the pump and the process starts again. 
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Fig. 2. 1 Schematic diagram of PEMFC integrated with TEACS 

 

2.2 Operational Principle of Solar PV/T Integrated with TEACS for Cooling and 

Hydrogen Production 

In this part of the thesis, we have studied an integrated solar PV/T 

absorption cooling system for the cooling and hydrogen production as shown in 
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Fig. 2.2. Solar PV/T system considered in this paper is glass to glass thermal 

system. Solar radiations fall on top of the PV modules which are placed on top of 

tunnel (duct) through which air is passed. These PV modules take in solar 

radiation and use it to break the bond inside the module to produce protons and 

electrons. The electrons are then taken out to give power. Power produced is 

supplied to the electrolyzer and the pump in the cooling cycle. The electrolyser is 

utilized to break the water molecule bond. As the water molecule breaks, it splits 

in to hydrogen and oxygen. The hydrogen molecules are then taken out of the 

electrolyser and are stored in a tank. The hydrogen molecules which are obtained 

through electrolysis can later be used as an energy source to HTG by burning 

hydrogen in HTG or using it as a power generating source by supplying it to 

PEMFC depending on the end user. On the other hand, air enters the tunnel which 

is placed beneath the PV module. This air then comes in contact with the down 

surface of the PV module which is heated up by the solar radiation and therefore 

transfer of heat takes place. As the air passes through the tunnel it gets heated up. 

This hot air is then fed into the HTG of the absorption cooling system and is used 

as an energy source for the absorption cooling system. Moreover, small amount of 

power produced by PV panels is fed into the pump of TEACS and the rest of the 

power is fed into the electrolyser to produce hydrogen. All of the heat is being fed 

into the high temperature generator (HTG) where strong solution coming from 

absorber at state 21 is being heated to leave as a weak solution at state 22 and 

ammonia-water vapour mixture with concentration of 0.999 at state 8. Weak 

solution coming out of state 22 then gives out heat in the high temperature heat 

exchange (HHX) and combines with weak solution coming from state 19 and 

leaves at state 24. The weak solution from state 24 then gives out heat in the 

medium temperature heat exchanger (MHX) and combines with weak solution 

from state 16 to leave at state 26. This weak solution then enters the low 

temperature heat exchanger (LHX) where it pre-heats the strong solution coming 

from state 11c. After giving heat, weak solution at state 27 enters expansion valve 

where drop in pressure and temperature takes place before entering the absorber at 

state 28. The ammonia-water vapour mixture from state 8 then enters the medium 
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temperature generator (MTG) where it heats the strong solution coming from state 

18 and leaves as ammonia-water vapour mixture at state 5 and state 7. These 

ammonia-water vapour mixtures combine together to leave at state 7a as an 

ammonia-water vapour mixture. Vapour at state 7a enters the low temperature 

generator (LTG) and heats the strong solution coming from state 15 and leaves as 

ammonia-water vapour mixture at state 6 and state 4. State 6 goes directly into the 

condenser while state 4 goes into the condenser heat exchanger (CHX) to lose 

heat to the liquid coming from state 11b and leaves at state 13. Ammonia-water 

vapour mixture leaving CHX at state 3 enters the condenser, where gives out heat 

and then leaves at state 2. This pre-cooled ammonia-water mixture then passes 

through the expansion valve and leaves at state 2a after losing pressure and 

temperature to enter the evaporator. In the evaporator heat is being gained by the 

system and the heated mixture leaves at state 1 to enter the absorber, where it 

gives out heat to the surrounding and leaves at state 11 to enter the pump and the 

cycle repeats. 
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Fig. 2. 2 Schematic diagram of Solar PV/T integrated with TEACS 
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2.3 Operational Principle of PEMFC Integrated with QEACS for Cooling Production 

Several multiple effect absorption systems are being used to enhance the 

COP of the system. Here, we consider a parallel flow quadruple effect absorption 

system using ammonia-water solution integrated with PEM fuel cell, which is 

shown schematically in Fig. 2.3. This system consists of four generators which 

are, v. high temperature generator, high temperature generator, medium 

temperature generator, and low temperature generator. In addition, it has five heat 

exchangers, which are called, v. high temperature heat exchanger, high 

temperature heat exchanger, medium temperature heat exchanger, low 

temperature heat exchanger, and a condenser heat exchanger. Moreover, the 

system consists of two expansion valves, one condenser, one evaporator, one 

absorber, one pump, and a fuel cell. The process starts at the V.HTG side, where 

strong solution coming from the absorber (state 36) is heated up, so that the 

vaporized ammonia-water can be extracted from the solution (state 37) and the 

remaining solution known as weak solution (state 38) is returned to the absorber. 

The strong solution leaves the absorber at state 1 and passes through the pump to 

exit at state 2 where it is divided into state 17 and state 19. State 19 then goes 

through the LHX and leaves at state 3. Then it divides into two streams state 21 

and state 20. State 20 goes through MHX and leaves at state 24 where it divides 

into state 25 and state 26. State 25 goes to HHX and leaves at state 29. This 

stream is again divided in to two streams namely state 34 and state 35. State 35 

then goes into the V.HHX and leaves at state 36 to enter the V.HTG. Same way, 

before reaching the absorber (state 16) weak solution passes through V.HHX 

(state 40) where it mixes with state 30 and leaves at state 41 to enter HHX. This 

weak solution then passed through MHX and LHX giving out heat to strong 

solution to reach an expansion valve (state 16) before entering the absorber again. 

Meanwhile the vaporized ammonia-water from state 37 enters HTG where it boils 

up the strong solution coming from HHX (state 34). The weak solution then 

leaves the HTG at state 30 to mix with the stream coming from V.HHX before 

reaching absorber. However the vaporized ammonia-water leaves the HTG at 

state 31 and mixes with state 28 before entering MTG. The same process 
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continues till the vaporized ammonia-water reaches CHX at state 6. This 

vaporized ammonia-water then gives out heat to stream coming from pump before 

entering condenser. Another vaporized ammonia-water stream leaving LTG at 

state 7 also enters condenser. In the condenser these streams from state 6 and state 

7 give out heat to the air and leave the condenser at state 9. Stream at state 9 

enters an expansion valve where it expands before entering evaporator at state 10. 

In the evaporator ammonia-water mixture absorbs heat from the cooling place and 

leave at state 11 to enter the absorber. In this system fuel cell is being used as an 

energy source. The fuel is being supplies to the cell using cylinders. The 

necessary values and equations for the performance of fuel cell were taken from 

ref. [80]. 
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Fig. 2. 3 Schematic diagram of QEACS integrated with PEMFC 

2.4 Environmental Impact 

In recent time‟s world has seen an exponential increase in the demand of 

energy. Such an unexpected rise in energy demand has become a point of concern 

for both developed and developing countries. In this research, we try to provide 

different solutions for sustainable building operations in order to make research 

globally implacable. The PEMFC is expected to play a major role in the 
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alleviation of global warming since the end products of the internal chemical 

reactions are clean water and steam. The greenhouse effect is the phenomenon 

due to which solar radiation reflected back from the surfaces of bodies on the 

Earth‟s surface is not transmitted back into space. Due to the increased content of 

gases such as carbon dioxide and carbon monoxide, a result of the internal 

combustion engine for example, this radiation remains trapped within the Earth‟s 

atmosphere, thereby increasing the overall temperature of the Earth‟s surface. By 

making use of the abundant supply of hydrogen and oxygen available in the 

atmosphere, it is easy to obtain clean and safe energy without the harmful effects 

of combustion. Moreover, combustible fluids only offer marginal efficiency 

compared to the most efficient of PEMFCs with an efficiency of 79%. 

Furthermore, in light of the worldwide water crisis, the output of the PEMFC is an 

additional source of clean water fit for human consumption. As they are made of 

virtually harmless components whose disposal is not a problem, they pose no 

threat to the environment at the end of their life cycle. Moreover, use of Solar 

PV/T provides an attractive alternative for power and heating production. Solar 

PV/T systems are considered free of running cost systems as they use solar 

radiation for heating and power production which is freely available to human 

kind. In addition, absorption cooling systems require very less amount of energy 

input as compared to conventional vapour-compression refrigeration systems. The 

use of absorption systems reduces the load on the national grid and therefore 

reduces the load on governments. This reduction in energy consumption results in 

reduction in green house gasses as now governments will have to produce lesser 

amount of power to meet the demand. 

Addition of PEMFC and Solar PV/T system with Absorption cooling 

system is one of the most attractive alternatives for environmental friendly future. 

All the systems used in this research are environmentally friendly and do not emit 

green house gasses. Use of these integrated systems also help making a 

sustainable building as PEMFC and Solar PV/T integrated with absorption system 

can cater the need of heating, cooling, and power. These systems use 

environmentally benign fuel to provide heating, cooling, and power. 
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One thing that has to be noted though is the effect of global warming and 

how these systems play their roles in alleviating the problems caused by the 

greenhouse effect. The PEM fuel cell gives 99.9% pure water as a byproduct. As 

previously mentioned, this water can be consumed as drinkable water after 

specific water treatments. The water which passes through the Solar PV/T system 

can be obtained through geothermal water source, hence making system 

sustainable. In conclusion, the systems analysed in this research will be helpful to 

researchers and governments throughout the world while choosing an integrated 

system for sustainable building operations. 
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Chapter 3 Thermodynamic Analysis 

3.1 Energy and Exergy Analyses of PEMFC integrated with TEACS for Cooling and 

Power Production 

In order to run the system, mass, energy, and exergy balance equations are 

written for the PEM fuel cell, and the components of TEACS. Also, equations to 

calculate efficiency of the cell, and utilization factor of the system are written. 

3.1.1 PEM Fuel Cell Unit 

In order to analyze we need to start with the fuel cell by writing the molar 

fraction for hydrogen and oxygen as given below [64] 

   
 

        

                       
      (3.1a) 

   
 

        

                       
      (3.1b) 

After calculating the mole fraction of hydrogen and oxygen, the saturation 

pressure of the water based on the temperature of the cell is obtained by [64] 

                                                  

                (3.2) 

Hence, the saturation pressure is then used to find the mole fraction of 

water at anode and cathode side using equation given below: 

     
 = 

    

  
        (3.3a) 

     
= 

    

  
        (3.3b) 

The power output per unit specific area of the fuel cell is given by  

  
                                (3.5) 

where the reversible voltage is  

                                            

          
  

 

 
      

         (3.5a) 

The activation voltage at anode and cathode are given as 

         
 

    

    
    

 

  
       (3.5b)             

           
 

    

    
    

 

  
       (3.5c) 

The ohmic voltage is 
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                     (3.5d) 

Where 

        
    

    
 

                                     
 

   
 

 

   
   

The membrane water content is calculated by [64]: 

                               
            

    

 where    represents water activity in the membrane and is expressed as 

follows 

  =       (
 

    
)    

And the concentration overvoltage is defined as 

          
 

    
        (3.5e)  

The concentration of overvoltage constants depends on the inlet pressure 

and the saturation pressure and is calculated as follows [64]   

For  
  

      
               , the value of     becomes 

                        
  

      
                             

 When  
  

      
               , the value of     becomes 

                        
  

      
                            

 and  

          

The rate of heat output of the cell which is fed into the HTG is calculated 

based on exergy balance and is given by 

                                  
                

                                                               

                   
  

   
 
  

        (3.6) 

The molar flow rate of hydrogen, oxygen, and water at inlet and outlet are 

obtained by 
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    (3.7a) 

       
                      

      (3.7b) 

       
                      

      (3.7c) 

The irreversibility rate is found using the formula given below 

         
  

   
             

          
        

        
 

                     
                    (3.8) 

where 

   =      ex 

                                  

                                             

                       
         

  
  

 

  
       

                      

Here,    represent inlet pressure of the gas and    represents ambient 

pressure. 

For further details on the PEM fuel cell, see refs. [63-64]. 

 

3.1.2 TEACS Unit 

 For High Temperature Generator  

After getting the heat and power output from the PEM fuel cell, the 

equations for HTG were written in order to run the TEACS to achieve the cooling 

load and to provide hot water. The amount of energy given to HTG is shown 

below 

  HTG =   
FC +   FC -   

PUMP      (3.9) 

The relationship for calculating enthalpy of a homogeneous mixture using 

concentrations is shown by the following equation 

h21 = x21 h21,ammonia + (1-x21) h21,water     (3.10) 

This equation shows the relationship for one state, and the same 

relationship is used for other states as well. 

The mass balance equations are given as follows 
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  21 x21 =   22 x22 +   8 x8       (3.11) 

  

  21 =   22 +   8       (3.12) 

In order to obtain the outlet conditions of the HTG, the following equation 

is used 

  21 h21 +   HTG =    22 h22 +   8 h8     (3.13) 

The entropy balance becomes 

        
     

    
                        (3.14) 

The exergy destruction in HTG is  

       
=                (3.15)  

and same relationship is used for other generators also. 

 For High Temperature Heat Exchanger 

The mass and energy balance equation for HHX are given below 

  22 =   23        (3.16a) 

  17a =   21        (3.16b) 

  17a h17a +   HHX =    21 h21      (3.17) 

  22 h22 =    HHX +    23 h23      (3.18) 

 For Condenser 

The mass and energy balance equations for the condenser are given below 

  2 =   6  +   3        (3.19) 

  con =   w (hw,o – hw,i)       (3.20) 

  2 h2 +   con =    6  h6 +   3 h3      (3.21) 

The entropy balance equation can be written as 

  21     +       =    22        8     
     

    
    (3.22) 

The exergy destruction in condenser is calculate using 

       
=                (3.23) 

 For Evaporator 

Below mentioned equations are for mass and energy balance of evaporator 

  2a =    1        (3.24) 
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  2a h2a +   eva =    1 h1       (3.25) 

The entropy balance equation is written as 

  2a      
     

    
 +      =   1         (3.26) 

The exergy destruction in evaporator is calculates using 

       
=                (3.27) 

 For Absorber 

The following energy balance equation is used to calculate the heat 

rejected from the absorber 

  11 h11 +   abs =    1 h1 +   28 h28     (3.28) 

The entropy balance is calculated using 

         
     

    
 +      =        +            (3.29) 

The exergy destruction in absorber is given by 

       
=                (3.30) 

 For Pump 

The work done by the pump is calculated using the equation given below 

  11 = 
   

         
        (3.31) 

Energy and exergy efficiencies of the cell are calculated by 

                 
    

         
      (3.32a) 

Where 1.25 V represents the electromotive force relative to the lower 

heating value of hydrogen and 0.95 is the fuel utilization coefficient. This 

coefficient represents the ratio of the mass of fuel reacted in cell to the mass of 

fuel input to the cell. Therefore, equation (32a) is derived for the lower heating 

value of hydrogen and can be found in literature [12]. 

            
        

  
   

       

                

     (3.32b) 

The thermal exergy of evaporator and HTG are given by 

          = (1- 
  

    
 ) x            (3.33a) 

          = (1- 
  

    
 ) x            (3.33b) 
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The energetic and exergetic COPs are calculate based on 

      
     

             
      (3.34a) 

       
         

                 
      (3.34b) 

Overall exergy destruction becomes 

                  
     

    
    

     

    
   

     

    
       

    
  

                   
    

          (3.35) 

Overall energy and exergy efficiencies are defined as 

     
   

     

           

       (3.36a) 

     
   

      

          

       (3.36b) 

3.2 Energy and Exergy Analyses of Solar PV/T integrated with TEACS for Cooling 

and Hydrogen Production 

 

3.2.1 Solar PV/T System 

The equations which are used to solve the mathematical model of PV/T 

system are derived from Joshi et al. [54]. Moreover, the assumptions and 

constants of solar PV/T system are listed in table 4.2. 

The equation to calculate power produced by PV module is given as 

  
                                (3.37) 

  The rate of heat transfer is given by 

        
       

  
                              

                   
       

       
          (3.38) 

where 

        
                              (3.39) 

The rate of exergy of solar energy is calculated by 

        
     

         

    
            (3.40) 

Electrical and thermal efficiencies are defined as   

                             (3.41) 
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where 

   
                             

     
     (3.41a) 

    
                         

          
     (3.41b) 

         
         

  
     

      
       
       

 

      
       

       

            
      

       

       
 

      

       

        (3.41c) 

     
       

      
        (3.42) 

 

3.2.2 Electrolyzer 

The electrolyzer is used to split water molecule into hydrogen and oxygen 

molecule, where hydrogen molecule is stored in the tank for later usage as an 

energy provider to the HTG or as a fuel to produce power using PEMFC. The 

amount of hydrogen produced depends on the efficiency of the electrolyzer, 

higher heating value of the hydrogen and power input to the electrolyzer. 

               
        

              
      (3.43) 

3.2.3 Absorption Cooling System 

 For High Temperature Generator  

After getting the heat and power output from the PEM fuel cell, equations 

for HTG were written in order to run the TEACS to achieve the cooling load and 

to provide hot water. The amount of energy given to HTG is shown below 

  HTG =                (3.44) 

The relationship for calculating enthalpy of homogenous a mixture using 

concentrations is shown by the following equation 

h21 = x21 h21,ammonia + (1-x21) h21,water     (3.45) 

Which shows the relationship for one state, and the same relationship is 

used for other states. 

The mass balance equations are given as follows 
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  21 x21 =   22 x22 +   8 x8       (3.46) 

  21 =   22 +   8       (3.47) 

In order to obtain the outlet conditions of the HTG, the following equation 

is used 

  21 h21 +   HTG =    22 h22 +   8 h8     (3.48) 

The entropy balance is 

  21    + 
     

    
 +       =    22    +   8       (3.49) 

The exergy destruction in HTG is  

       =                (3.50)  

And same relationship is used for other generators also. 

 For High Temperature Heat Exchanger 

The energy balance equation for HHX is given below.  

  17a h17a +   HHX =    21 h21      (3.51) 

  22 h22 =    HHX +    23 h23      (3.52) 

 For Condenser 

The mass, and energy balance equations for the condenser are give below 

  2 =   6  +   3        (3.53) 

  con =   w (hw,o – hw,i)       (3.54) 

  2 h2 +   con =    6  h6 +   3 h3      (3.55) 

 

The entropy balance is 

  6        3    +       =    2    
     

    
    (3.56) 

The exergy destruction in condenser is  

       =                (3.57) 

 For Evaporator 

Below mentioned equations are for mass and energy balance of evaporator 

  2a =    1        (3.58) 

  2a h2a +   eva =    1 h1       (3.59) 

The entropy balance is 
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  2a      
     

    
 +      =    1        (3.60) 

The exergy destruction in evaporator is  

       =                (3.61) 

 For Absorber 

The following energy balance equation is used to calculate the heat 

rejected from the absorber. 

  11 h11 +   abs =    1 h1 +   28 h28     (3.62) 

The entropy balance is 

         
     

    
  =        +         +         (3.63) 

Exergy destruction in absorber is  

       =                (3.64) 

 For Pump 

The work done/ by the pump is calculated using the equation given below. 

  11 = 
      

         
        (3.65) 

The thermal exergy of evaporator and HTG are given by 

          = (1- 
  

    
 ) x            (3.66a) 

          = (1- 
  

    
 ) x            (3.66b) 

 

The energetic and exergetic COPs are as 

COPEN = 
     

             
       (3.67a) 

COPEx = 
         

                 
      (3.67b) 

 

 Overall efficiencies 

Overall energy and exergy efficiencies are defined as   

       
              

      
      (3.68a) 

       
              

        
       (3.68b)  
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3.3 Thermodynamic Analysis of PEMFC integrated with QEACS for Cooling 

Production 

 

3.3.1 PEM Fuel Cell Unit 

In order to analyze we need to start with the fuel cell by writing the molar 

fraction for hydrogen and oxygen as given below: 

   
 

        

                   
      (3.69a) 

   
 

        

                   
       (3.69b) 

After calculating the mole fraction of hydrogen and oxygen, the saturation 

pressure of the water based on the temperature of the cell is obtained by: 

                                           

                                    (3.70) 

Hence, the saturation pressure is then used to find the mole fraction of water at 

anode and cathode side using equation given below: 

     
 = 

    

  
        (3.71a) 

     
= 

    

  
        (3.71b) 

The power output per unit specific area of the fuel cell is given by  

  
                               (3.72) 

Where the reversible voltage is  

                                            

                       
  

 

 
      

         (3.73a) 

The activation voltage at anode and cathode are given as 

         
 

    

    
    

 

  
       (3.73b)   

           
 

    

    
    

 

  
       (3.73c) 

The ohmic voltage is 

                      (3.73d) 

Where 
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The membrane water content is calculated by [30]: 

                               
            

   

Where    represents water activity in the membrane and is expressed as 

follows: 

  =       (
 

    
)    

And the concentration overvoltage is defined as 

          
 

    
        (3.73e)  

The concentration of overvoltage constant depends on the inlet pressure 

and the saturation pressure and is calculated as follows [39]: 

For  
  

      
               , the value of     becomes 

                        
  

      
                            

 When  
  

      
               , the value of     becomes 

                        
  

      
                            

 And  

          

 

The heat output of the cell which is fed into the HTG is calculated based 

on exergy balance and is given by 

                                 
                

                                                                         

                     
  

   
 
  

       (3.74) 

The molar flow rate of hydrogen, oxygen, and water at inlet and outlet are 

obtained by 

                                     
 

  
    (3.74a) 
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      (3.74b) 

       
                      

      (3.74c) 

The irreversibility rate is found using the formula given below: 

         
  

   
             

          
        

        
 

                      
                (3.75) 

Where 

   =      ex 

                                    

                                             

                       
         

  
  

 

  
                         

Here,    represent pressure of the gas and    represents ambient pressure. 

For further details on the PEM fuel cell, see ref. [39]. 

3.3.2 QEACS Unit 

 For Very High Temperature Generator  

After getting the heat and power output from the PEM fuel cell, the 

equations for V.HTG were written in order to run the QEACS to achieve the 

cooling load and to provide hot water. The amount of energy given to V.HTG is 

shown below 

  V.HTG =   
FC +   FC -   

PUMP      (3.76) 

 

The mass balance equations are given as follows 

  36 x36 =   37 x37 +   38 x38      (3.77) 

  36 =   37 +   38       (3.78) 

In order to obtain the outlet conditions of the V.HTG, the following 

equation is used 

  36 h36 +   V.HTG =    37 h37 +   38 h38     (3.79) 

The exergy destruction in HTG is  

                               (3.80)  

Where, 
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And same relationship is used for other states. 

 For Very High Temperature Heat Exchanger 

The energy balance equation for V.HHX is given below. 

  35 h35 +   V.HHX =    36 h36      (3.81) 

  38 h38 =   V.HHX +   40 h40      (3.82) 

 For Condenser 

The mass and energy balance equations for the condenser are given below 

  9 =   7  +   8        (3.83) 

  9 h9 =    7  h7 +   8 h8+   con      (3.84) 

 For Evaporator 

Below mentioned equations are for mass and energy balance of evaporator 

  10 =    11        (3.85) 

  10 h10 +   eva =    11 h11      (3.86) 

 For Absorber 

The following energy balance equation is used to calculate the heat 

rejected from the absorber. 

  11 h11+   16 h16 =    1 h1+   abs     (3.87) 

 For Pump 

The work done by the pump is calculated using the equation given below. 

  
                   (3.88) 

 

Energy and exergy efficiencies of the cell are calculated by 

ηFC,Energy = 0.95 
    

         
       (3.89a) 

Where 1.25 V represents the electromotive force relative to the lower 

heating value of hydrogen and 0.95 is the fuel utilization coefficient. This 

coefficient represents the ratio of the mass of fuel reacted in cell to the mass of 

fuel input to the cell. Therefore, equation (32a) is derived for the lower heating 

value of hydrogen and can be found in literature [18]. 
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     (3.89b) 

The energetic and exergetic COPs are as 

        
     

            
        (3.90a) 

       
      

             
       (3.90b) 

Overall exergy destruction becomes 

                  
     

    
    

     

    
   

     

    
       

    
  

                  
    

          (3.91) 

Overall energy and exergy efficiencies are defined as 

          
   

     

         
      (3.92a) 

     
   

      

          

       (3.92b) 

 



47 
 

Chapter 4  Results and Discussion 

4.1  PEMFC Integrated with TEACS for Cooling and Power Production 

In this section, results of first integrated systems studied are discussed in 

details. The effects of fuel cell parameters and TEACS parameters on the 

performance of the overall system are studied. We have carried out energy and 

exergy analyses of the PEM fuel cell integrated with triple-effect absorption 

cooling system to see the effect of temperature, pressure, membrane thickness, 

and current density of the fuel cell on the power output of the cell, efficiency of 

the cell and the COPs of the absorption cooling system. In this section 

homogenous mixture of ammonia-water is used to run TEACS. Exergy analysis is 

carried out as they take in consideration the irreversibility available in the system. 

This irreversibility is the major source of vast difference between theoretical and 

practical results when only energy analysis is carried out. Before carrying out the 

extensive parametric study of the PEM fuel cell integrated to TEACS, it is 

decided to conduct some validation to ensure that the model developed is correct 

and acceptable. The PEM fuel cell model is compared with the study done earlier 

by Mert et al. [17]. This comparison can be seen in Fig. 4.1. It is found that the 

efficiency behaves in the similar manner when current density is increased with 

little difference in the values. This confirms the accuracy of the present model and 

encourages proceeding with the analysis. All the assumptions which are studied in 

this section are listed in table 4.1. 
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Fig. 4. 1 Validation of the model with Mert et al. [69]  
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Table 4. 1 PEM fuel cell constants 

Parameters Symbol and 

values 

Anode stoichiometry ξA (1.5) [11]  

Cathode stoichiometry ξC (3) 

Anode transfer coefficient αA (0.5) [11] 

Cathode transfer coefficient αC (1) [11] 

Universal gas constant 

(J/mole K ) 

R (8.314 ) 

Faraday‟s constant (Col/mole 

) 

F (96,485 ) 

Higher heating value of H2 

(J/mole) 

     
 (286,000 ) 

Dead state pressure ( atm ) P0 (1.0 ) 

Dead state temperature ( K ) T0 ( 298 ) 

Heat loss ration rHL (0.2) [11] 

Number of electrons involved n (2.0) [11] 

Anode dry gas mole fraction xA (0.0) [11] 

Cathode dry gas mole fraction 

Fuel Cell specific area 

xC (3.76) [11] 

A (0.45) 

  

When the temperature of the cell is varied from 300 K to 360 K, the power 

output and irreversibility rate of the cell is found to be decreasing from 5.9 kW to 

4.9 kW and 5.87 kW to 4.7 kW, respectively. This behavior can be seen in Fig. 

4.2. This behavior is noticed because as the temperature of the cell increases the 

heat transfer from the cell increases. As the temperature increases, the difference 

between the temperature of the cell and the surrounding temperature increases. As 

we know that the heat transfer of any system is calculated based on the 

temperature difference, rise in temperature increases the heat transfer from the 

fuel cell. This results in less power production and higher heat production. As the 

heat transfer rate increases and the power produced by the fuel cell decreases, the 
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overall irreversibility rate of the fuel cell decreases. This decrease in the power 

and irreversibility rate, results in the decrease in the energy and exergy efficiency 

of the cell, which vary from 49.6% to 41.2% and 37.8% to 33.8%, respectively. 

This decrease in the efficiency can be seen in Fig. 4.3. 

 

Fig. 4. 2 Effect of temperature of the fuel cell on the power and irreversibility rate of fuel cell 

 

Fig. 4. 3 Effect of temperature of the fuel cell on the energy and exergy efficiencies of the fuel cell 
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Fig. 4.4 allows us to see the effect of increase in the temperature of the 

cell from 300 K to 360 K on the energetic and exergetic COPs of the absorption 

system. With the increase in the temperature of the cell, the energetic and 

exergetic COPs are found to be increasing from 2.12 to 2.37 and 0.91 to 1.04, 

respectively. When the temperature of the cell is increased, the power generated 

by the fuel cell decreases, which results in the less input to the absorption system 

in terms of energy to obtain the desired cooling load. Now, as the energy supplied 

to the absorption system to achieve the desired cooling load decreases, the COP of 

the system increases because lesser amount of energy is being consumed by the 

absorption system to provide the required amount of cooling.  

 

Fig. 4. 4 Effect of temperature of the fuel cell on the energetic and exergetic COP of the 

absorption system 
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pressure difference between two sides of membrane electrode assembly (MEA), 

which allows more suction of protons owing to the higher-pressure drop. As the 

power and irreversibility rate increase, the energy and exergy efficiency also 

increase. These efficiencies increase from 42.5% to 43.5%, and 34.6% to 35.2%, 

respectively, which can be seen in Fig. 4.6. This increase in efficiency is seen 

because at higher pressure the fuel cell produces higher power and therefore more 

amount of energy coming from the inlet hydrogen is being utilized. This results in 

the higher energy and exergy efficiency of the fuel cell. In addition, the thickness 

of the membrane barely affects the performance of the system as can be seen in 

Fig. 4.5 and Fig. 4.6. This behavior is observed because the power output of the 

PEMFC is very small and the stack consists of very few MEAs. However, in case 

of high energy production, huge numbers of MEAs are stacked together. The 

increase in MEAs results in increase in the overall thickness of the PEMFC and 

this is where effect of membrane becomes prominent. The purpose of studying 

membrane thickness is to show that membrane thickness plays a role in the output 

of the PEMFC. 

 

Fig. 4. 5 Effect of pressure of the fuel cell on the power and irreversibility rate of fuel cell 
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Fig. 4. 6 Effect of pressure of the fuel cell on the energy and exergy efficiencies of the fuel cell 

Fig. 4.7 exhibits the variation of both energetic and exergetic COPs with 
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Fig. 4. 7 Effect of pressure of the fuel cell on the energetic and exergetic COP of the absorption 

system 

Fig. 4.8 reveals the effect of increase in current density on the power and 

irreversibility rate of the fuel cell. As the current density increases from 1 A cm
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Fig. 4. 8 Effect of current density of the fuel cell on the power and irreversibility rate of fuel cell 

 

Fig. 4. 9 Effect of current density of the fuel cell on the energy and exergy efficiencies of the fuel 

cell 
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pressures of 3, 4 and 5 atm. The increase in current density increases the output of 

the fuel cell, which is being used as the energy source to run the absorption 

system. Hence, as there is more energy being provided to the absorption system to 

achieve the desired cooling load, the performance of the absorption system drops 

down because more heat is being dissipated through the condenser. As a result, 

the COP, which is the evaluation factor of the refrigeration system, decreases.  

 

Fig. 4. 10 Effect of current density of the fuel cell on the energetic and exergetic COP of the 

absorption system 
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Fig. 4. 11 Effect of current density on the energetic and exergetic efficiencies of the integrated 

system 

 

Fig. 4. 12 Effect of current density on the rate of exergy destruction of the integrated system 
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PV/T cooling system for hydrogen production and cooling. Solar data for Abu 

Dhabi is considered in order to see the effect of solar radiation on the outputs of 

the integrated system. Several parameters of solar PV/T systems such as PV area 

and air inlet temperature are varied to see their effect on the operation of the 

system. The constants and variable of the Solar PV/T system are listed in table 

4.2. 

Table 4. 2 Solar PV/T constants 

Parameters Symbols and Values 

PV module Area (m
2
) A (10)  

Mass flow rate of air (kg/s)       (0.5) 

Cooling load (kW)       (15) 

Penalty factor       (0.88)  

Packing factor     0.83)  

Solar cell efficiency    (0.12)  

Transitivity of glass    (0.95)  

Overall heat transfer coefficient (W m
-2

 

K
-1

) 

    0.62)  

Overall heat transfer coefficient (W m
-2

 

K
-1

) 

   (2.8)  

Absorptivity of cell     0.90) 

In order to run the mathematical model for the PV/T system, weather data 

for Abu Dhabi is required. The average amount of solar radiation and outside air 

temperature, which are available every month in Abu Dhabi and are used to 

analyze the integrated system under different operating conditions are shown in 

figs. 4.13 and 4.14. These average values are calculated based on the data 

available in ASHRAE directory for 2009. Moreover, it is seen that when solar 

radiation increases, the rate of power output of the PV/T increases but when the 

inlet air temperature is high the rate of heat output of the PV/T system decreases. 

The highest value of rate of heat output and rate of power output obtained are 14.8 

kW and 0.58 kW, respectively for PV/T area of 10 m
2
. This behavior is observed 

because as the solar radiation increases the power production capacity of solar PV 



59 
 

increases as there is more radiation per area available. Higher the amount of 

radiation available results in faster breaking of bonds inside the PV and therefore 

giving more power. However, with the increase in temperature of the air entering 

the duct of the PV/T, the rate of heat transfer capability of the PV/T system 

decreases and lesser amount of heat is transferred to the flowing liquid through 

the duct. This happens because the entering air is at a high temperature and is not 

capable of taking the amount of heat available. This behavior can be seen in Fig. 

4.15. 

 

Fig. 4. 13 Monthly average solar radiation of 2009 in U.A.E 
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Fig. 4. 14 Monthly average air inlet temperature for 2009 in U.A.E 

 

Fig. 4. 15 The rate of monthly energy production of PV/T system 
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The amount of solar radiation varies from month to month. Fig. 4.16 helps 

us to understand the effect of change in available solar radiation per unit area on 

the electrical and thermal efficiency of the system. It is observed that the thermal 

efficiency decrease and the electrical efficiency increase with the increase in solar 

radiation. The thermal and electrical efficiencies are found to be varying from 

50.54% to 20.86% and 9.2% to 8.31%, respectively. The thermal efficiency is 

found to be increasing with the decrease in the solar radiation. As the solar 

radiation decreases the outside air temperature decreases and as a result the air 

inlet temperature to PV/T decreases. As the air at low temperature is capable of 

absorbing more amount of heat from the solar panels, higher rate of heat is 

transferred to the air, hence resulting in higher thermal efficiency. However, when 

the solar radiation increases the electrical efficiency increases because the 

vibration of the molecule in the PV module increases which results in higher rate 

of breaking of the bonds in the module. Hence, more amounts of electrons are 

available in order to extract power out of them. However, the energetic and 

exergetic COPs increase as the solar radiation and the outlet air temperature 

increases. This change in energetic and exergetic COPs vary from 0.95 to 2.28 

and 0.90 to 2.14, respectively as seen in Fig. 4.17. This behavior is observed, 

because as the air inlet temperature increases the heat carrying capacity of the air 

decreases and the rate of heat transfer from PV module to air decreases.  As the 

amount of heat generated which is later fed into the absorption system decreases 

the COPs of the system increases for the fixed cooling load. The increase in COPs 

represents the better performance of the system as the system now takes in less 

energy to achieve the desired amount of cooling. 
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Fig. 4. 16 Monthly thermal and electrical efficiency of PV/T for every month 

 

Fig. 4. 17 Monthly COP variation of absorption cooling system 
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The number of hours for which the solar radiation is available every 

month affects the hydrogen production in a big manner. The sole energy provider 

to this integrated system is PV/T. Hence, the amount of solar radiation and its 

availability over time depicts the performance of the system. The amount of 

hydrogen produced varies from 7.8 kg to 10.7 kg when the solar radiation and the 

operating hours are changed. This hydrogen production is calculated for the 

electrolyzer efficiency of 56%. The highest amount of hydrogen is produced in 

the month of June when solar radiation is high and the available solar radiation 

time span is high. As the solar radiation increases the power output of the PV 

increases which is then fed into the electrolyzer and the pump of the absorption 

system. As the input power increases there is more energy available for the 

breaking of hydrogen molecule and hence increasing the production of hydrogen. 

Moreover, increase in the available time of solar radiation results in power output 

from PV for the longer time. This increase in time also results in the higher 

running time of an electrolyzer. When the electrolyzer runs for more time, it 

processes more water and produces higher amount of hydrogen as it can be seen 

in Fig. 4.18. In addition, the overall energy and exergy efficiency vary from 

15.7% to 14.34% and 7.9% to 7.2%, respectively for different months. This 

behavior of change in overall efficiencies for every month in Fig. 4.19 is seen 

because every month, there is a certain amount of solar radiation available at 

certain amount of time. Therefore, the power, the rate of heat production, and the 

amount of hydrogen and cooling production differ from month to month. In 

general, with the increase in the solar radiation, the power output of the PV 

increases, and with the decrease in the inlet air temperature, the rate of heat output 

of the system increases. It is hard to make conclusion about the trends of the 

overall efficiencies because they differ from month to month based on the solar 

radiation, air inlet temperature, and operating hours. 
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Fig. 4. 18 Amount of monthly hydrogen production 

 

Fig. 4. 19 Overall monthly energy and exergy efficiencies 
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exergy efficiencies decrease when the solar radiation is increased while keeping 

air inlet temperature, area of the PV and time for which solar radiation is available 

constant at 25 
o
C, 10 m

2
, and 12 hr, respectively. The energy and exergy 

efficiencies drop from 15.9% to 14.4% and 8.1% to 7.3% respectively, as the 

solar radiation increases. As the solar radiation increases the power production 

capacity of PV module increases and at the same time heat transfer rate also 

increases. The increase in power means that more water molecules are broken 

down to give hydrogen. On the other hand, increase in rate of heat results in 

higher amount of heat given to the absorption system to provide the fixed amount 

of cooling. This increase in rate of energy fed into the cooling systems results in 

the degraded performance of the cooling system as cooling system rejects more 

heat through the condenser to achieve the desired cooling. Thus, the degrading 

performances of the cooling system results in lower energetic and exergetic COPs 

of the system. As the performance of the cooling system degrades the overall 

efficiency of the system decreases because, more energy is being consumed to 

acquire the required outputs. 

 

Fig. 4. 20 Overall energy and exergy efficiencies for different solar radiation intensities 
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a result the power output of the PV system increases. The increase in power 

production implies that higher amount of hydrogen is produced given constant 

solar radiation, operating hours, and air inlet temperature. The solar radiation, 

operating hours, and air inlet temperature are kept constant at 608 W/m
2
, 30.8 

o
C, 

and 12 hr, respectively. The power output and hydrogen production increase from 

0.28 kW to 0.86 kW and 5.24 kg to 15.7 kg, respectively as shown in Fig. 4.21. 

The power output of the PV module is directly related to the solar radiation and 

the area on which it is concentrated. As the solar radiation increases, the 

molecules in the PV module vibrate at higher pace and as a result more and more 

bonds are broken into protons and electron. As the power produced by PV module 

increases, the hydrogen production increases because more power is being fed 

into the electrolyzer in order to break the bonds of water molecule at a higher rate 

to produce hydrogen. When the water molecules are broken into hydrogen and 

oxygen, higher amount of hydrogen are available which can be taken out and 

stored in a cylinder for later use as an energy provider by burning or using 

PEMFC. 

 

Fig. 4. 21 Power output of PV/T and mass of hydrogen production v/s area of the PV/T 
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increase in air inlet temperature to the PV/T. As the inlet air temperature 

increases, the rate of heat output and thermal efficiency of the PV/T system 

decreases from 14.84 kW to 5.06 kW and 45.2% to 15.4%, respectively. This 

decrease in the rate of heat production and thermal efficiency is observed because, 

with the increase in the inlet air temperature, the capability of the air to absorb 

maximum amount of heat from the solar radiation decreases. Thus, the decrease in 

the absorption of heat results in lesser heat transfer rate from the PV/T and as a 

result the thermal efficiency of the system decreases. But this decrease in the rate 

of heat production of the PV/T helps boost the performance of the cooling system. 

As the air temperature increases, the rate of heat delivered to the cooling system 

decreases which results in higher energetic and exergetic COPs. The energetic and 

exergetic COPs are found to be increasing from 0.95 to 2.51 and 0.89 to 2.36, 

respectively. This increase is seen because, as the rate of heat input to the system 

decreases till a certain practical limit for achieving certain cooling load, the 

performance of the system increases and lesser amount of heat is being rejected 

through the condenser. 

 

Fig. 4. 22 Rate of heat production and thermal efficiency of the PV/T v/s air inlet temperature 
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Fig. 4. 23 Energetic and Exergetic COPs of the absorption cooling system v/s air inlet temperature 

of PV/T 

4.3 PEMFC Integrated with QEACS for Cooling Production 

Third integrated system studied in this research combines PEMFC and 

QEACS for more efficient and effective cooling production. After conducting 

comprehensive parametric studies for different operating and surrounding 

conditions and plotting these parameters and linkages, different trends for various 

operating conditions are observed.  

It is found that when the temperature of the PEMFC is increased, both 

energetic and exergtic COPs increase with it. Both the COPs are found to be 

varying from 1.53 to 2.66, and 0.6 to 1.1, respectively with increase in the TFC 

from 325 K to 373 K. This parametric study is carried out for condenser loads of 

210 kW, 230 kW, and 250 kW. This relationship is seen because increase in the 

temperature of the PEMFC results in lower energy output from PEMFC. The 

energy output of the PEMFC decreases because loses associated with the 

temperature increases with the increase in the TFC. This decrease in energy input 

to the V.HTG of the absorption system results in the higher cooling load. The 

decrease in energy input reflects back in terms of lower temperature input to the 

evaporator for a fixed cooling load. For a fixed exit temperature of the evaporator 

of 260.25 K, decrease in the inlet temperature of the evaporator results in the 

20 24 28 32 36 40
0.75

1.15

1.55

1.95

2.35

2.75

0.75

1.1

1.45

1.8

2.15

2.5

Air Inlet Temperature [°C] 

C
O

P
E

N
  

C
O

P
E

x

Solar Radiation = 608 W/m
2

A = 10 m
2

t = 12 hr



69 
 

higher cooling load. As the cooling load increases the COPs increase as seen in 

Fig. 4.24. This increase in the cooling load with increase in the TFC also results in 

higher overall energetic and exergetic efficiency of the system as seen in Fig. 

4.25. Both overall energetic and exergetic efficiencies of the system are found to 

be varying from 0.17 to 0.23 and 0.06 to 0.01, respectively for increase in TFC 

from 325 K to 373 K. However, increase in TFC has a negative effect on the 

performance of the PEMFC. Both energetic and exergetic efficiencies of the 

PEMFC decrease with the increase in TFC. These efficiencies are found to be 

decreasing from 0.47 to 0.35 and 0.37 to 0.29, respectively. This behavior can be 

seen in Fig. 4.26. 

 

Fig. 4. 24 Variation of both energetic and exergetic COPs with TFC 
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Fig. 4. 25 Variation of both overall energetic and exergetic efficiencies with TFC 

 

Fig. 4. 26 Variation of both energetic and exergetic efficiencies of PEMFC with TFC 
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rate of hydrogen across the membrane. Thus, increase in pressure difference 

results in higher energy output from the fuel cell. As the energy input to the 

QEACS increases the performance of the absorption system degrades. Higher 

energy input for a fixed condenser load results in higher temperature of the stream 

coming out of the condenser. As temperature of the stream entering the 

evaporator increases, the cooling capacity of the evaporator decreases for the 

fixed evaporator temperature. This decrease in the cooling capacity of QEACS for 

increase in the PFC results in lower COPs. Moreover, the performance of the 

integrated system also degrades with increase in the PFC. As the purpose of this 

integrated system is to obtain cooling load, increase in PFC affects this purpose in 

negative way as seen in Fig. 4.28. Both overall energetic and exergetic 

efficiencies are found to be decreasing from 0.22 to 0.17 and 0.08 to 0.06, 

respectively. However, increase in the PFC has a positive effect on the 

performance of the fuel cell as seen in Fig. 4.29. Increase in PFC results in higher 

energy output from the fuel cell. This increase in energy output results in higher 

energetic and exergetic efficiency of the fuel cell. Both the efficiencies increase 

from 0.40 to 0.44 and 0.34 to 0.36, respectively with increase in PFC. 

 

Fig. 4. 27 Variation of both energetic and exergetic COPs with PFC 
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Fig. 4. 28 Variation of both overall energetic and exergetic efficiencies with PFC 

 

Fig. 4. 29 Variation of both energetic and exergetic efficiencies of PEMFC with PFC 
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area to go through, therefore increasing the energy output. However, increase in 

an area has a negative effect on the cooling capacity of the QEACS as shown in 

Fig. 4.30. Increase in energy input to the QEACS for a specific condenser load 

means higher exit temperature for the stream coming from the condenser. This 

rise in temperature going into the evaporator for a fixed exit temperature of the 

evaporator, results in lower cooling capacity of the absorption system due to 

lower temperature difference across the evaporator. The cooling load decreases 

from 222 kW to 167 kW with increase in area. This parametric study is carried 

out for different condenser load of 210 kW, 230 kW, and 250 kW. 

 

Fig. 4. 30 Variation of power of the fuel cell, rate of heat output of the fuel cell, and cooling load 

of the QEACS with area of the PEMFC 
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Chapter 5 Conclusions and Recommendations 

The thermodynamic modeling based on energy and exergy analyses of the 

integrated systems has been carried out in this research. In addition, parametric 

study is conducted to examine the effect of different operating parameters on the 

performance of the individual and integrated systems.  

5.1 Conclusions 

The following conclusions can be drawn from this work: 

 The energy and exergy efficiency of the PEMFC is found to be decreasing when 

temperature, and the current density is increased. 

 With the increase in pressure of the PEMFC, the energy and exergy efficiency are 

found to be increasing 

 The increase in temperature of the PEMFC has a positive effect on both energetic 

and exergtic COP of the system and they are found to be increasing. 

 However, when the pressure, and the current density of the PEMFC, are increased 

the energetic and exergetic COP of the absorption are observed to be decreasing. 

 Moreover, increasing current density of the PEMFC resulted in a decrease of 

overall energy and exergy efficiencies.  

 Area of the PEMFC has positive effect on the power and rate of heat output of the 

PEMFC. 

 Cooling capacity of the absorption system is found to be decreasing for increase 

in area of the PEMFC. 

 The rate of heat output decreases with the increase in the air inlet temperature and 

the rate of power output increases with the increase in the solar radiation. 

 The electrical efficiency is found to be highest for the months when solar 

radiation is high and thermal efficiency is found to be highest for the months 

where air inlet temperature is low. 

 The energetic and exergetic COPs are found to be at most for the month when 

solar radiation is high and the air inlet temperature is high. 

 The maximum amount of hydrogen is produced in the month when high solar 

radiation is available and that also for the longer time. 
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 The overall energy and exergy efficiencies decrease with the increase in the solar 

radiation for the specific air inlet temperature and running time. 

 The power output and the electrical efficiency increases with the increase in area 

of the PV module because, now PV module can harness more amount of 

radiation. 

 Air inlet temperature has an effect on the performance of the PV/T system in a 

negative way, as the rate of heat output and thermal efficiency of the PV/T 

decreases with the increase in air inlet temperature. On the contrary, increase in 

air inlet temperature has positive effect on the performance of the absorption 

cooling system as it increases the COP. 

5.2 Recommendations 

Despite getting attractive results by carrying out thermodynamic analysis, 

it is important to conduct experiments. Experimental results are very important to 

testify the claim that the system studied is effective and environmental friendly. 

Moreover, the hydrogen which is obtained through electrolyzer and stored in the 

cylinder in Solar PV/T integrated with TEACS system can later be used to 

provide energy to the absorption system by burning it into the HTG to provide 

higher cooling load. It can also be used as a fuel for power production through 

PEMFC. In addition, a comprehensive cost analysis is required to assess the 

feasibility of the systems from economics point of view. Finally, the results 

obtained in this paper are expected to help researchers, governments, and people 

in the industry with designing of a sustainable power and cooling production 

system for buildings.  
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