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ABSTRACT 

With the every day increase in energy prices and environmental pollution, there is a 

need for a reliable and sustainable fuel sources that are not hazardous to our daily 

lives and are economically viable. The UAE has for a long time been using oil and 

gas for its electricity production. However, with increasing demands in electricity for 

the country‘s development, rises in oil and gas prices, and future possible depletion of 

oil and gas, the UAE has adopted an ambitious plan to opt for nuclear and solar 

energy as its primary energy sources in the near future. Nuclear energy has become an 

environmentally-promising option that could make a significant impact in energy 

supply with very limited changes to the global climate. The energy from a nuclear 

power plant is sufficiently high to back up a renewable energy source. Solar energy 

has been of particular interest among the renewable energy sources due to its 

availability and affordability in the region. There are many matured water splitting 

processes that can be linked with the nuclear and solar energy sources to decompose 

water to its constituents, among which is hydrogen. Hydrogen has risen as a 

sustainable and efficient energy carrier option in reducing environmental pollution, 

and is seen as a potential solution for the current energy crisis. The proposed model in 

this work is an integrated hydrogen production system combining both nuclear and 

solar energies, installed in the UAE. The objective of this research is to carry out a 

thermodynamic analysis on this system and find out how efficiently the system 

performs. The model is divided into its respective components and a detailed 

thermodynamic analysis is performed. Then, an overall thermodynamic analysis is 

performed for the system in order to optimize the process. A parametric study is 

implemented with various hydrogen production processes. Furthermore, a 

comparative study is carried out to evaluate an optimal and feasible hydrogen 

production process in the UAE. 

 

Keywords: Thermodynamic Analysis; Solar; Nuclear; Fuel Cells; Hydrogen.   
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Chapter 1:  Introduction 

 Energy is a major part of people‘s lives now more than ever. Whether 

it is a small mobile phone, vehicle, pharmaceutical, plastic, air-conditioner, or 

water heater,, energy plays a vital role. But energy's benefits extend far 

beyond what people use individually at home, at work, and on the road. A 

range of essential activities - including agriculture, manufacturing, 

construction, computing, and health and social services - depend on access to 

modern energy. Energy growth has always been directly linked to prosperity 

and growth of our planet. There are more than seven billion people on Earth 

whose lives are dependent on energy. It is the human desire to improve the 

well-being of their families and communities that drives the energy demand. 

In order to make their lives richer, more productive, safer, and most important 

of all, healthier, new and clean technologies need to be developed. Changes in 

climate and depletion in fossil fuels have led countries everywhere to pursue 

better options for energy, especially renewable energy sources. The demand 

for energy in the Gulf countries is now increasing at an unprecedented rate and 

the countries are now looking towards renewable energies for meeting the 

demands. The best renewable energy source in the United Arab Emirates 

(UAE), according to its geographic conditions, is solar energy. The UAE 

currently produces electricity from fossil fuels like oil and gas. Due to current 

hikes in prices of oil and gas and also due to the possible depletion of fuels in 

the coming years, the country has now started pursuing renewable energy 

sources. Though they have large reserves of oil and gas and is among the 

largest exporters of the crude oil in the world, it has opted to use nuclear and 

solar energy for its electricity generation in the coming generations. 

 

1.1. Background and Motivation 

  The focus of this thesis is on the demands in energy in the UAE. The 

country is in its rapid development phase, which can be noticed the moment 

anyone sets foot on this land. There are more opportunities for individuals 

seeking employment, thus leading to population and economic growth. High 

standards of living in UAE have attracted many expatriates from all over the 

world. The population growth has been increasing significantly since the early 
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70‘s when the country first discovered oil. The growth in population was last 

reported at 7,890,924 [1] in 2011 as seen in. Figure 1.  

 

 

 Figure 1: Population Growth in the UAE [1] 

  

 Because of population growth, there has been a significant increase in 

energy demands in the country. The UAE currently produces electricity from 

fossil fuels like oil and gas. It relies heavily on its vast hydrocarbon resources 

for most of its economic activity. According to oil and gas journals of the year 

2012, the UAE is estimated to hold the world‘s seventh-largest proven 

reserves of oil at 97.8 billion barrels (EIA), with the majority of its reserves 

located in Abu Dhabi and the rest in Dubai. Beyond the vast reserves of oil, 

the UAE also has the seventh-largest reserves of natural gas in the world. But 

despite the country‘s large endowment, the UAE became a net importer of 

natural gas earlier this decade, as can be seen in Figure 2. 
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Figure 2: UAE Natural Gas Trade Balance, 2000-2009 [2] 

 The main reason for this shift in the trade is because nearly 30% of the 

natural gas produced is injected back into existing fields for enhanced oil 

recovery (EOR) techniques. Also, the country‘s rapidly increasing electricity 

grid, which is marked by the increasing population demands, relies on natural 

gas for electricity generation. The electric power consumption in the United 

Arab Emirates was 79,544GWh in 2009, according to a World Bank report 

published in 2010. The graph showing the electric power consumption in the 

UAE since the early 70‘s is shown in Figure 3. 

 

 

Figure 3: Electric Power Consumption in the UAE [3] 
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 The demand for energy has grown so high in the UAE that the 

consumption of natural gas for electricity has greatly surpassed the country‘s 

production. This can be seen in Figure 4 which shows the sudden shift in 

production and consumption of natural gas during the year 2008 [2]. 

 

Figure 4: UAE Natural Gas Production and Consumption, 2000-2009 [2]. 

 

Figure 5: Global CO2 Emissions, 1965-2011 [4]. 

 

 The burning of fossil fuels has long had a drastic effect on the climate 

throughout the world. Figure 5 shows the growth rate in carbon dioxide 

emissions from 1965-2011 worldwide. It can be seen that growth rate over the 
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past decade is higher than that of previous decades – indicating that carbon 

dioxide emissions have accelerated in recent years.  

 

Figure 6: CO2 Emissions in Africa, Central/South America and the Middle East, 1965-2011 [4] 

 Figure 6 shows the CO2 emissions emitted by the countries in Africa, 

Central/South America, and the Middle East. As seen from the graph, the 

Middle East‘s cumulative emissions of carbon dioxide are much higher than 

the rest of the regions‘. This comes as no surprise as the developments of 

countries in the Middle East have been increasing rapidly since the 70‘s and 

fossil fuels act as the major energy source. The report states that the UAE 

itself emitted 40.1 tons of carbon per person in 2010 , which is a 90% increase 

from 1992 to 2010. 

 Changes in climate and depletion in fossil fuels have thus led countries 

everywhere to pursue better energy options especially renewable energy 

sources. Research on clean, economic, and abundant energy sources can help 

mitigate global warming and declining energy supplies. The major benefits of 

renewable energy sources are that they will be available for a very long time at 

a reasonable cost. They can also be used for various tasks without any 

negative effects. 
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Figure 7: Fluctuation in Energy Demand [5] 

 It is suggested that coupling renewable energies with a nuclear power 

source will be the answer to climate change and meeting the world‘s energy 

demand. Nuclear energy can serve as a back-up, make-up, and support power 

supplier for transitioning into a complete renewable energy system. The power 

generated must be flexible in order to meet the irregularity in demand which 

occurs either daily or seasonally as shown in right panel of Figure 7. 

1.1.1. Conventional Power Distribution Grid 

  

Figure 8: Current Power Distribution System [6] 
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 An electric grid is mainly an interconnected network that is used to 

supply electricity to various consumers from the supplying power stations. Its 

main role is to supply electricity through high-voltage transmission lines to the 

demand centers, from which distribution lines are connected to the individual 

customers [7]. The structure of these grids varies significantly depending on 

budgetary constraints, availability of land, and  demand. Most of the 

transmission grids require more complex mesh networks to meet the demand. 

But despite the novel network designs and installations of these electric grids, 

the power delivery structure is ageing throughout the developed and 

developing nations. Some of the main factors that contribute to this downfall 

are [8]: 

 Obsolete system layouts – Older areas are currently forced to use 

insufficient facilities as there is not sufficient land to install additional 

substations. 

 Aging power equipment – Older equipment tends to have high failure 

rates, which can lead to power outages and higher inspection and repair 

costs. 

 Outdated engineering – Traditional engineering and power delivery 

planning are currently ineffective at addressing issues related to aged 

equipment and obsolete system layouts. With new renewable 

technologies such as solar and wind power arising, a different type of 

power grid is required which has storage capabilities and flexibility to 

meet power demands.  

 Old cultural values – Using procedures that used to work in a 

vertically-integrated industry exacerbate problems under a deregulated 

industry.    

1.1.2. Smart Grid 

 A smart grid is an electrical grid that uses information and 

communication technology to gather and act on information, such as 

information about the behaviors of suppliers and consumers, in an automated 

fashion to improve the efficiency, reliability, economics, and sustainability of 

the production and distribution of electricity [9]. It is a new class of 

technology that is being used to bring utility electricity delivery systems to the 
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21
st
 century. These systems, though immature in technology, can be made 

possible by two-way communication and information technologies that were 

used for decades in other industries [10]. There are many benefits that can be 

achieved when employing a smart grid system, which can be summarized as: 

 Reliability – The smart grid can be made reliable by using new 

technologies that detect faults in power grids and self-heal by using 

sensors without the need for technicians. The sensors used in modern 

systems are called phasor measurement units (PMU). These sensors are 

distributed throughout the network to monitor the quality of power and 

at times respond automatically to it. Using such features in smart grids 

can reduce downtime drastically and maintain higher quality power. 

 Flexibility – Smart grids can handle energy flows that are bi-

directional. That is, as and when the demand changes, a smart grid can 

comply with the situation. When the demands of electricity are at its 

peak, a smart grid can use the charge from fuel cells to meet the 

demands and when the demand is low, the smart grid can charge a fuel 

cell for later usage. Conventional grids have a one-way flow of electric 

power. So if a sub-station generates more power than required, the 

reverse flow could raise safety and reliability issues. A smart grid can 

manage such situations. 

 Efficiency – The overall energy of the energy infrastructure is expected 

to improve from using smart grid technology. A smart grid could meet 

the demand-side management; i.e., during peak hours, a smart grid can 

turn off the unnecessary appliances. The overall effect is less 

dependence on the transmission network and greater utilization of 

other power sources like fuel cells or generators, which in turn leads to 

lower power prices. 

 Load adjustment – The total load always varies with respect to time. 

Although the total load is the sum of requirements by many individual 

clients, the overall load will vary depending on the power consumption 

. In conventional power grids, to respond to a sudden increase in power 

consumption, which is usually faster than the start-up time of a large 

generator, some spare generators are kept on stand-by mode. A smart 
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grid could warn the consumers to reduce the load temporarily or 

continuously when there are limited resources. In the conventional 

grids, a failure rate is reduced at the cost of more standby generators, 

while in smart grids, load reduction by the clients themselves could 

eliminate the problem. 

 Peak leveling and time of use pricing – To reduce demands during 

high-cost peak usage periods, metering and communication 

technologies can inform residents of home and commercial buildings 

through smart devices when there is a high demand for energy. These 

technologies can give information on how much electricity is being 

used and when it is being used. This could also prevent overloads in 

the system network by giving utility companies the ability to reduce 

consumption by communicating directly to the smart devices 

mentioned. It is thus expected that the businesses and other consumers 

will gradually consume less during peak hours when they are aware of 

the high price premium for using electricity during those hours.  

 Sustainability – The improved flexibility of the smart grids allows for 

different renewable energy sources such as solar and wind power, with 

or possibly without the need for energy storage systems. Due to the 

way current conventional grids are constructed, they cannot allow for 

many distributed energy systems to be accommodated. Even though it 

is possible at the distribution level (sub-stations), it is not possible at 

the transmission level (larger stations) infrastructure. This is due to 

rapid fluctuations in the distributed energy generation by renewable 

energy sources due to cloudy or inclement weather. Hence, for this 

reason, smart grid technology is a necessary condition for large 

amounts of renewable electricity to be on the grid. 

 Market enabling – A smart grid allows for systematic communication 

between suppliers and consumers. Suppliers can decide on the energy 

price and consumers can decide what to pay. In this way both 

consumers and their suppliers can be more flexible and sophisticated in 

their operational strategies. The overall effect is that energy efficiency 

will increase. 
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 Advanced services – Advanced services can be made possible in smart 

grids by use of the above-mentioned two-way communications, 

advanced sensors and distributed computing technology, which can 

increase efficiency, safety, and the reliability of power use and its 

delivery. It could also open entirely new services or improvements on 

existing ones such automatic emergency power controls that can shut 

off power or make immediate phone calls when required.  

 

Figure 9: Smart Grid System [11] 

1.1.3. Solar Energy Sources 

 Solar energy, which is radiant heat and light from the sun, has long 

been harnessed by humans, even in ancient times, for various applications 

[12]. Solar energy is captured using ever-evolving technologies like 

photovoltaics (PVs), collectors, and concentrators. Solar energy technologies 

are generally characterized as passive or active depending on the way energy 

is captured, converted, and distributed.  

 Passive, unlike active solar heating systems, do not involve any 

mechanical or electrical devices. The walls, windows, and floors are generally 

used to collect, store, or distribute the solar energy in the form of heat in the 

winter and reject heat in the summer [13]. The criterion used in designing 

passive solar systems is to take advantage of the local climate. These design 
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techniques are now being used in new buildings, while old buildings are either 

retrofitted or adapted for passive solar usage. 

 Active solar technologies are mainly used in more useful forms of 

energy. They involve converting solar energy into heat or electrical energy. In 

buildings, this energy is usually employed for heating or cooling purposes. 

Unlike passive solar techniques, the use of mechanical or electrical devices is 

required for conversion of solar energy into useful forms of energy. In this 

research, active solar techniques are used for power generation purposes. The 

types of active solar technologies used in this research are as follows: 

1.1.3.1. Glazed Flat Plate Solar Collectors 

 Glazed flat plate collectors are most commonly used for solar water-

heating systems in homes and for solar space heating. They mainly consist of a 

dark flat plate to absorb solar energy, a transparent cover that allows the 

passage of incident solar rays reducing heat loss, a heat transfer fluid, usually 

water, to take heat away from the absorber plate, and a heat-insulating backing 

[14]. The absorber plate is usually a thin sheet made either of polymer, 

aluminum, steel, or copper. In this thesis, the absorber plate in the collector is 

made of copper. Figure 10 shows an open view of a glazed flat plate collector. 

 

 

Figure 10: Glazed Flat Plate Collector [15]. 
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1.1.3.2. Unglazed Flat Plate Collector 

 These collectors are similar to glazed flat plate collectors but do not 

have any glazing. They are also not thermally insulated [14]. They are much 

less efficient in water heating than glazed collectors. Ethylene propylene diene 

monomer (M-class) rubber (EPDM rubber) or silicone rubber or 

polypropylene is usualy used as the absorber material. These materials are 

mainly used for pool heating applications. In pool heating applications, the 

heated water is normally colder than the ambient temperature. Hence, this type 

of collector is effective when the desired output is required to reach ambient 

temperatures. The lack of thermal insulation plays an important role as it 

allows additional heat from the surrounding environment to be drawn [16]. 

Though this allows additional heat to be drawn, it also causes more heat loss 

due to lack of glazing. Figure 11 gives a better understanding of an unglazed 

flat plate collector. 

 

Figure 11: Unglazed Flat Plate Collector [15] 

1.1.3.3. Tubular Collectors 

 Tubular collectors are able to achieve higher temperatures normally 

not possible in flat plate collectors. They are more applicable in commercial 

and industrial buildings for cooling purposes. An advantage of this type of 

collector over flat plates is that heat loss to the environment is considerably 

reduced [17]. The collectors are typically made of parallel rows of tubes made 
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of transparent glass. The outer portion of the tube is made of glass and the 

absorber tube is metal attached to a fin. The fin is entirely covered with a 

coating capable of absorbing solar incident energy but prevents any radiative 

heat loss. Also, air is removed from the space between the two glass tubes 

(outer and inner) to form a complete vacuum, thus eliminating conductive and 

convective heat losses [18]. In short, the pipe through which the fluid flows is 

surrounded by two concentric tubes of glass with a vacuum trapped in 

between. The inner tube is coated with a thermal absorbent [19]. Figure 11 

shows a schematic diagram of an evacuated tube collector along with cross-

sectional diagram of the tube. 

 

Figure 12: Evacuated Tube Collector [15] 

 The previous paragraphs gave a basic review of collectors used for the 

purposes of this research. These collectors are usually used in low or medium 

temperature applications like solar water heating, pool heating, or some other 

commercial purpose due to their low temperature ranges. Typically, collectors 

are used in applications that have temperature ranges below 200°C. For higher 

temperature applications such as power generation, concentrating-type solar 

collectors play a major role. Since concentrated solar plants (CSP) produce 

heat, the plant can store the heat before its conversion to electricity. In this 

way, CSP plants are capable of producing electricity day and night. The 

storage of heat is considered much cheaper and more efficient than storing 
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electricity. The types of concentrator technology used in this research are 

given below with a detailed review. 

1.1.3.4. Parabolic Trough Concentrator 

 

 

Figure 13: Parabolic Trough Concentrator Plant [20] 

 Parabolic trough concentrators are mainly used in utility-scale solar 

thermal power plants. They mainly consist of solar collectors or mirrors, heat 

receivers, and support structures [21]. This type of concentrator uses incident 

solar energy from sun to produce heat, which in turn is used in steam cycles to 

generate electricity. This technology is particularly effective in regions with 

high solar irradiations, i.e., in regions closer to the equator. Parabolic trough 

concentrators have the longest commercial track record of all CSP 

technologies [22]. The quality of heat from these concentrators depends 

mainly on the availability and level of solar irradiation. The incident ray first 

strikes the parabolic trough arrays. These concentrators are usually made of 

mirror segments and are parabolic in shape. The support structures are 

constructed so that they track the incident rays over the course of the day and 

then reflect them onto the focal point of the mirrors. Receivers are connected 

to the structure at the focal point and run along the length of the parabolic 

trough. The receivers are made of an enclosed glass vacuum chamber through 

which the heat transfer fluid flows [14]. The fluid gets heated up and is then 
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sent to a heat exchanger to produce steam for running a turbine. New 

technologies now have arisen where instead of a mirror, a different kind of 

reflecting material is used which is lighter and more efficient than mirrors, 

thus reducing costs. Figure 13 shows the complete cycle in a parabolic trough 

collector. 

1.1.3.5. Parabolic Dish Concentrator 

  

Figure 14: Parabolic Dish Collector [23]. 

 The function of a parabolic dish concentrator is similar to that of 

parabolic trough concentrator, which is to produce heat for steam generation. 

But unlike parabolic troughs, the reflector of a dish concentrator is shaped like 

a dish. The major components in a dish collector are the pole, power train, and 

dish reflector. The incident solar energy the first strikes onto the parabolic dish 

and then reflects the beam to its focal point. At the focal point, a receiver 

absorbs the reflected ray. A fluid flows constantly in the receiver which carries 

the heat away to be used later in steam generation. The reflectors are usually 

engineered for maximum possible solar reflectance and superior corrosion 
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resistance. An advantage of this type of concentrator over the parabolic trough 

is it has higher optical efficiency. 

1.1.3.6. Compact Linear Fresnel Collector Technology 

 

 

Figure 15: Linear Fresnel Collector Technology Power Plant [24] 

 A compact linear Fresnel collector is similar to a parabolic trough 

except that instead of parabolic mirrors or reflectors, Fresnel collector 

technology uses series of long flat or slightly curved mirrors to reflect the 

solar radiation onto a fixed receiver [25]. The advantage of this system is that 

it is a low-cost solution compared to parabolic troughs and dish systems. 

Fresnel collectors can use cheap mirror glasses which are commonly available. 

Also, the mirror surface area per absorber area is higher compared to parabolic 

troughs and dish technology. But the optical efficiency of the reflecting 

mirrors is lower compared to parabolic troughs and dishes, which could be 

classified as its disadvantage. The reflectors are usually raised high above the 

ground in order to reduce blocking or shading of adjacent reflectors. These 

mirrors or reflectors are capable of concentrating the solar radiation to around 

30 times the normal intensity [26]. The concentrated energy is then transferred 

to a flowing fluid inside the absorber or receiver. The heated fluid then goes to 

a heat exchanger to produce steam to run a generator. Recent technologies 



 

33 
 

avoid the use of heat exchangers by producing steam inside the absorber itself 

at high temperatures. This in turn further reduces the cost of Fresnel collectors. 

1.1.4. Nuclear Energy Source 

 Nuclear energy is the energy that is received through a sustained 

nuclear fission process. The energy is used to generate heat which in turn is 

converted to electricity in power generation plants. Since the early 20
th

 

century, the idea of harnessing atomic energy has been quite strong. But due to 

radiation of the elements used, harnessing this energy was just a dream. All 

that changed when the nuclear fission process was discovered in the 1930s 

[27]. Although nuclear technologies were initially employed for nuclear 

weapons, their use for commercial purposes came into effect when countries 

realized their potential for generating electricity.  

 Nuclear reactors are used to create and substantially control a nuclear 

fission process. The basic principle of creating a nuclear fission is bombarding 

neutrons with a large fissile atomic nucleus such as Uranium-235 or 

Plutonium-239. The large nucleus then splits into two or more lighter nuclei 

particles which releases kinetic energy, gamma radiation, and free neutrons. 

Some neutrons are then later absorbed by other fissile atoms and create further 

nuclear fission reactions. This process keeps going, leading to a nuclear chain 

reaction releasing a huge amount of heat. To control or stop a nuclear chain 

reaction, neutron moderators or neutron poisons change the portion of 

neutrons that will cause the nuclear fission. In this way, nuclear power plants 

can be shut down during an emergency. The heat is generated by the nuclear 

reactor core in many different ways. The heat is generated as follows:  

 When nuclei collide with the fissile atoms, kinetic energy released 

from the fission products is converted to thermal energy. 

 Radioactive decay of the fission particles and the materials also 

produces heat energy which will remain even after the nuclear plant is 

shut down completely. 

 During the process of fission, the gamma rays produced are absorbed 

by the reactor, which further converts the energy into heat.  
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Figure 16: APR 1400 Schematic Diagram and its Internals [28] 

 The nuclear reactor used in this research is the APR 1400 nuclear 

reactor, as its manufacturers were awarded the contract for establishing a 

nuclear power plant in the UAE The APR 1400 nuclear reactor is an advanced 

pressurized water reactor with a thermal output of 4000MWth [28]. The 

schematic diagram of the APR 1400 plant and its internal components are 

shown in Figure 16. The most important part of the APR 1400 nuclear power 

plant is the nuclear steam supply system (NSSS) which includes the reactor 

vessel along with four reactant coolant pumps (RCPs), two steam generators, 

and a pressurizer. A detailed review of its various components and their 

respective functions are as follows. 
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1.1.4.1. Reactor Vessel 

 

 

Figure 17: Reactor Vessel and Its Internals [29] 

 The reactor vessel is the most important component in a nuclear power 

plant. It is a vertically standing cylindrical vessel with a low hemispherical 

cover or head attached to the reactor vessel by welds. There is a hemispherical 

closure head that can be opened when required, as seen in Figure 16. The 

reactor pressure vessel consists mainly of the core support structures, fuel 

assembly, control rods, and other instrumentation components. The core 

consists of 241 fuel assemblies, 93 control element assemblies (CEAs), and 61 

in-core instrumentation (ICI) assemblies [30]. The fuel rods contain UO2 

pellets and five guide tubes in a 16 × 16 array. The thermal conductivity of 

UO2 decreases with increasing temperatures up to 2000 K [31]. The material 

used for the full-strength control rods is boron carbide (B4C) pellets, and the 

material used in the part-strength control rods is Inconel 625. An advanced 

alloy name Zirlo is used as fuel clad. 

1.1.4.2. Steam Generators 

 Steam generators used in this power plant are a vertical inverse U-tube 

heat exchanger. The reactant coolant from the reactant coolant pumps or RCPs 
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flow through the tubes, while the secondary coolant to which the heat is 

transferred for the Rankine cycle, flows through the shell side. The two steam 

generators are designed so as to transfer the thermal heat of 4000 MWt from 

the reactant coolant system (RCS) to the secondary system. Moisture 

separators and steam dryers on the shell side of the SG limit the moisture 

content of the exit steam to less than 0.25 w/o during normal operation [30]. 

Figure 18 shows the different parts inside a steam generator. 

 

Figure 18: Steam Generator [29] 

1.1.4.3. Reactant Coolant Pump (RCP) 

 Reactant coolant pumps used in this reactor are vertical, single-stage 

centrifugal pumps. These pumps are one of the key rotary equipments used in 

the nuclear plant. They circulate the high-temperature, high-pressure reactant 

coolant to the reactors. The reactant coolant returns back after transmitting 

heat to the secondary side from the steam generator and then goes again to the 

reactors. In this way, a continuous cycle is formed on the primary side. RCPs 
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usually have very high hydraulic efficiencies ranging from 80% to 90% or 

even more. These pumps require regular maintenance and checking as any 

problems in their operation could cause the the entire nuclear reactor to shut 

down. 

 

Figure 19: Reactant Coolant Pump [28] 

1.1.5. Fuel Cells 

 A fuel cell is a device that is used to convert the chemical energy in 

hydrogen into electrical energy through a chemical reaction with oxygen or 

another oxidising agent. Batteries, which too produce electric energy, deplete 

after their complete usage, unike fuel cells. In the case of rechargeable 

batteries, they need to be recharged. But unlike batteries, fuel cells can be used 

continuously as long as the fuel is provided. A fuel cell works with fossil fuels 

like natural gas, methanol, or biogas. It also can work with hydrogen, which is 

now most commonly used. The end products are usually water, heat, and if 

fossil fuels are used, trace amounts of nitrogen dioxide and other emissions 

including carbon dioxide.  

 Fuel cells have many advantages [32]. They produce no emissions or if 

fossil fuels are used, much lower emissions compared to current power 

generation technologies. They have very high efficiencies compared to gas or 
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diesel engines. Most fuel cells can work silently and with different types of 

fuels. The system maintenance in the fuel cells is minimal as there are no 

moving parts, and the cell can operate for a very long time. 

 Fuel cells also have certain drawbacks if they are to be employed in 

very large capacities. One drawback is that they are not economically feasible. 

It said that to implement a system, the cost can exceed $5000 per kilowatt 

[33]. The cost to produce and store hydrogen is high, and it ends up costing 

more to produce the required electric energy than one actually gets out of the 

fuel cell [34–36]. Until fuel cell technology reaches a point where it's more 

economically feasible, this will be the biggest hurdle that must be overcome. 

Finally, another disadvantage of the fuel cells is that they are bigger and 

bulkier than other energy sources. 

 There are many types of fuel cells available on the market [37]. They 

are mainly differentiated on the type of electrode used between the anode and 

cathode. The costs of fuel cells too depends on the electrode used. The types 

of fuel cells used in this research and a detailed description of the fuel cells are 

shown below. 

1.1.5.1. Phosphoric Acid Fuel Cell (PAFC) 

  

Figure 20: Phosphoric Acid Fuel Cell (PAFC) Schematic Diagram [38] 
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 These are type of fuel cells that use an electrolyte of liquid phosphoric 

acid. These were the first to be used for commercialize purposes. They have 

an operating temperature range between 150 °C and 200 °C. They have 

current applications in large vehicle such as buses. They have also been used 

in small power generation applications such as powering buildings. They also 

have increased tolerance to fuel impurities. The electrolyte is usually a highly 

concentrated liquid phosphoric acid (H3PO4) saturated in a silicon carbide 

(SiC) matrix [38]. The electrodes are usually made of carbon paper coated 

with a finely dispersed platinum catalyst. This is a disadvantage for this fuel 

cell as platinum is very expensive. Also another disadvantage is that this fuel 

cell has low current and power. Phosphoric acid also solidifies below 40 °C, 

making start-up difficult. Hence, PAFCs need to be restrained above this 

temperature when not used. In operation, the hydrogen enters through the 

anode while oxygen enters as part of the air through the cathode as shown in 

Figure 20. The chemical equations involved are as shown below. 

 Anode reaction:       
      

 Cathode reaction:      
           

Overall cell potential:             

1.1.5.2. Solid Oxide Fuel Cell (SOFC) 

 

Figure 21: Solid Oxide Fuel Cell (SOFC) Schematic Diagram [39] 
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 These types of fuel cells use a solid oxide or ceramic as their 

electrolyte. Their usual operating temperatures are about 1000 °C. Many 

features of this fuel cell technology make it attractive for industry and utility 

applications. One advantage is that they have high tolerances to fuel 

contaminants [40]. Also, unlike other fuel cells, the individual cells do not 

have to be constructed in a plate-like configuration. In order to have quick 

access to the gases, the electrodes are made porous [36]. The charge carrier is 

the oxygen ion, O
2-

.  

 Another advantage of this fuel cell is that it operates at very high 

temperatures; hence there is no need for an expensive catalyst. They are able 

to reform fuels internally due to the high temperature, which enables it to use a 

variety of fuels and reduce costs. Also carbon monoxide (CO) is not poisonous 

for the fuel cell, hence allowing the usage of gases made from coal. The 

disadvantages are that high temperatures can cause slow start-up times (up to 8 

hours). Hence, thermal shielding to contain the heat is required. The high 

temperatures also cause durability issues. Currently, research is being 

conducted to reduce the operating temperatures to 600 °C. The reactions 

involved in the cathode and anode are as follows [41]. 

Anode reaction:       
         

  

 Cathode reaction:      
      

Overall cell potential:             

1.1.5.3. Molten Carbonate Fuel Cell (MCFC) 

 This type of fuel cell consists of an electrolyte of a molten carbonate 

salt mixture (Li2CO3 - K2CO3, 62% - 38%) [36]. The electrolyte is suspended 

in a porous, chemically-inert ceramic matrix. They operate at temperatures of 

600 °C and above. These fuel cells can be used in utility and industry 

applications. Non-precious metals like nickel (Ni) are usually used as catalysts 

at the cathode and anode. The charge carrier is the carbonate ion CO3
2-

. 

 Improved efficiencies for this fuel cell technology are another reason 

why more focus is drawn to using this fuel cell for larger capacity 

requirements. These fuel cells are not poisoned by carbon monoxide (CO) or 

carbon dioxide (CO2). Hence, they too can use gases made from coal. Since 

these fuel cells operate at high temperatures, they don't require any external 
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reformer to convert fuels to hydrogen. If the waste heat is captured and 

utilized, efficiencies can go much higher.  

 The main disadvantage of this fuel cell technology is its durability. The 

fuel cells, as mentioned before, operate at high temperatures and the corrosive 

electrolyte used causes a breakdown in the components. Further corrosion 

occurs, decreasing the cell‘s life. Corrosion-resistant materials are now being 

researched to increase cell life without decreasing performance. The anode 

and cathode reactions are as shown below. 

Anode reaction:         
              

  

 Cathode reaction:           
      

  

Overall cell potential:             

 

Figure 22: Molten Carbonate Fuel Cell (MCFC) Schematic Diagram [42] 

1.1.6. Hydrogen Production Processes 

 A hydrogen economy is considered to be the future for power 

generation. But hydrogen is not freely available and needs to be produced. 

Hydrogen is thus an energy carrier like a battery, unlike a primary energy 

source such as coal [43]. Hydrogen can be produced by many methods such as 

steam reformation of hydrocarbons, water electrolysis, and thermochemical 

splitting of water. 
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 Steam reformation is a method of producing hydrogen from 

hydrocarbon fuels such as natural gas [44]. This procedure is carried out in a 

processing device called a reformer which reacts fossil fuels with steam at 

high temperatures. It is considered as a practical way to provide the required 

hydrogen for fuel cells. But there are major issues which could be faced while 

using this reformer-fuel-cell system. As mentioned, this process requires fossil 

fuel or fuels that involve carbon dioxide emissions, which are thought to play 

a role in global warming. Though there are methods to capture the carbon 

dioxide emissions, it could add a further amount to the cost. 

 Electrolysis is another procedure that is used to produce hydrogen [45] 

by using electric energy. When an electric current is passed through water, 

decomposition of water produces hydrogen and oxygen. Two electrodes are 

taken into which a power source is passed. Hydrogen is produced at the 

cathode and oxygen will appear at the anode. Direct electrolysis of water 

requires a lot of energy as the chemical bonds between hydrogen and oxygen 

inside the water molecule are strong. Hence, a catalyst like sodium hydroxide 

(NaOH) or potassium hydroxide (KOH) is used to loosen the bonds. 

 Another method, and the most sought-after, is the thermochemical 

splitting of water by using heat to produce hydrogen [46]. This method uses 

thermochemical cycles which adopt heat sources with chemical reactions to 

split water into hydrogen and oxygen. The reason why this option could be 

favourable in the future is that the heat required in this process can be obtained 

from renewable energy sources such as wind, solar, and geothermal power. 

Nuclear energy is also considered a suitable heat provider. 

 There are now many cycles that can be used for hydrogen production 

processes. Although several hundreds of thermochemical cycles are known, 

research is concentrated only on those that can provide viability and technical 

feasibility [47]. Certain conditions need to be satisfied before choosing a 

thermochemical cycle. The selection of the cycles taken in this research were 

done based on the feasibility of the hydrogen production process for 

commercial purposes. The following criteria were adopted for selecting the 

commercial hydrogen production processes [48]: 
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a. Process Temperature 

 The thermochemical cycles operate at a wide range from 400°C 

to more than 3000°C for the decomposition of water. But very high 

temperatures are very difficult to achieve for commercial applications. 

Not only are high temperatures an issue, the materials and the 

separation of chemicals above this temperature is a major challenge. 

b. Process Safety and Environment Factors 

 Some cycles are able to achieve the suitable temperature limit 

but are still not taken for this research due to their viability. They could 

be hazardous to the environment due to the type of chemicals utilized. 

The cycles that use high amounts of mercury, cadmium, and bromine 

compounds come under this category. 

c. Process Complexity 

 Some cycles proved to be thermodynamically stable, but were 

discarded due to high complexities in the processes. The processes that 

were not taken into consideration involved many complex and difficult 

gas separation steps. Also, cycles that utilise carbon compounds were 

eliminated due to difficulties in producing hydrogen free of carbon 

footprints.  

d. Process Economics 

 Even the cycles that had low temperatures were discarded due to the 

scarcity of the compounds required in the thermochemical process. The 

compounds are not abundantly available on the earth's surface, in 

oceans, or in the atmosphere. Hence, the required elements for 

producing hydrogen will not be economically feasible.  

 Based on the above criteria, only three hydrogen processes were taken 

into consideration for comparative purposes. The chosen cycles have an 

operating temperature range which is affordable using the integrated approach 

of mixing solar and nuclear energy sources. Also, these cycles have better 

process safety and less complexity in the chemical reactions. The cycles 

chosen are the magnesium chloride (Mg-Cl), copper-chlorine (Cu-Cl) and 

sulfur-iodine (S-I) cycles. These cycles have many advantages and can be 
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linked with different heat sources. A more detailed explanation of each of the 

processes along with their flow diagrams is shown below.  

1.1.6.1. Sulfur-Iodine (S-I) Cycle 

  

Figure 23: Process Flow Diagram of Sulfur-Iodine Cycle 

 The sulfur-iodine (S-I) cycle is a three-step thermochemical process 

used to produce hydrogen [49]. The net reactant at the beginning of the three 

steps is water. The net products after the chemical reactions are oxygen and 

hydrogen. The maximum temperature at which the cycle operates is about 

850°C. Hence, this cycle can be used in this research as this temperature is 

attainable by the combined efforts of solar and nuclear energy sources. It is a 

completely closed system without any by-products that are harmful. Also, all 

components used are in the fluid state, and therefore could be used for 

continuous operation.  

 The first step in this cycle is the production of H2SO4 and HI [50]. 

Recycled I2 from Step 3 and SO2 from Step 2 react with water for the 

production of H2SO4 in a counter-current reactor. This step occurs at around 

120°C and is also called the Bunsen reaction. Step 2 is the decomposition of 

H2SO4. It decomposes to H2O and SO3, and the SO3 is decomposed to SO2 and 

O2 at 850°C. The SO2 is then sent back to the first step. Step 2 is the most 

complicated step among them and also the most technologically-demanding. 

This step has been subject to many modifications to decrease the temperatures 
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involved. The final step, Step 3, is the decomposition of HI into I2, which is 

sent back to Step 1 and the required product H2 is utilised. This reaction 

occurs at around 450°C. 

1.1.6.2. Magnesium-Chlorine (Mg-Cl) Cycle 

 

Figure 24: Process Flow Diagram of Magnesium-Chlorine Cycle 

 The Mg-Cl thermochemical cycle is a hybrid process which utilises 

heat and electric energy to split water into hydrogen and oxygen at a 

maximum process temperature of 550°C. Literature reviews done on this type 

of cycle are very few. Also, only one paper was found that conducted analysis 

on this type of thermochemical cycle [51]. The low temperature of this type of 

cycle makes it suitable in this research. This type of cycle consists of two 

thermochemical and one electrochemical reaction.  

 The three steps involved in this cycle are hydrolysis, chlorination, and 

hydrogen production. In the hydrolysis step, a gas reaction takes place in 

which MgO and HCl are produced by the hydrolysis of MgCl2. This reaction 

occurs at a steady state and is a highly endothermic process. The temperature 

range for this reaction is between 450°C and 550°C. This is the reaction in the 

cycle that requires the highest maximum temperature. The product, MgO, goes 

to Step 2 where chlorination takes place. In this step, MgO and Cl2 enter as 

reactants to form MgCl2 and oxygen at reaction temperatures of about 400°C 

to 500°C. The MgCl2 produced is then sent back to Step 1. The final step is 
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the hydrogen production process. This step can be done either 

thermochemically or electrochemically. The thermochemical process for the 

dissociation of HCl requires a great deal of energy and occurs at a very high 

temperature. Compared to this approach, the electrochemical process is a low-

temperature operation. It occurs at temperatures between 70°C and 90°C. 

Anhydrous HCl electrolysis is the method used here for dissociation as it 

requires lower electrical energy than aqueous HCl electrolysis. The products 

after dissociation of HCl are H2 and Cl2. The Cl2 is then returned back for the 

chlorination step. 

1.1.6.3. Copper-Chlorine (Cu-Cl) Cycle 

 

Figure 25: Process Flow Diagram of Copper-Chlorine cycle. 

 The Copper-Chlorine (Cu-Cl) cycle is currently the most researched of 

all the other cycles due to its many merits. This cycle can be classified into 

three categories: three-step, four-step and five-step Cu-Cl thermochemical 

water splitting cycles. The differences among these types of cycles are the 

number of steps involved. A comparative study done on the efficiency of these 

cycles in [52] showed that a four-step Cu-Cl cycle has the best efficiency and 

the lowest fuel consumption rate among the other two types. Also, the four-
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step process was shown to have less impact on the atmosphere [53]. This is a 

hybrid process which uses both electrolysis and thermochemical steps. The 

maximum temperature requirement in this cycle is 530°C. The merits of this 

cycle are that it requires only low temperatures for its operation, and is able to 

utilize low-grade waste heat to improve the energy efficiency and use lower-

cost materials. Also, this cycle requires very low voltages in the 

electrochemical step: between 0.6 V to 1.0 V, or even lower if less current 

density is achieved. A challenge for this cycle is the solid handling between 

the processes and corrosive working fluids [54].  

 The four-step process used in this research is divided into following 

steps: hydrolysis, oxygen production, hydrogen production, and drying. In the 

first step of hydrolysis, high temperature steam at 400°C is added to solid 

CuCl2. The products coming out of this hydrolysis step are aqueous HCl and 

solid Cu2OCl2. The second step of this cycle is the oxygen production step. 

This step is the most energy-consuming step as it requires about 500°C. In this 

step, Cu2OCl2 is broken down into CuCl and O2. The CuCl is then used in the 

next step, the hydrogen production process step, where it reacts with HCl from 

the first step in an electrolyzer to produce CuCl2 and H2 at temperatures as low 

as 100°C. The last step is the drying step in which aqueous CuCl2 is dried in a 

heat exchanger to form solid CuCl2 which is then used back in the first step. 

1.1.7. Hydrogen Storage 

 The many benefits of using hydrogen as a fuel in the coming future 

have already been mentioned. Hydrogen is a very abundant element in the 

universe and has great potential as an energy source. Unlike petroleum, 

hydrogen can be produced from renewable energy sources and has no 

pollution as its by-product is water. But the main issue involved in the usage 

of hydrogen is its storage. It is said that one gram of hydrogen occupies 

around 11 liters of space at atmospheric pressure [55]. So for saving space, the 

hydrogen gas is pressurized to several hundreds of atmospheric pressures and 

stored in pressure vessels. There are many methods involved in the storage of 

hydrogen and studies have been done on each of the hydrogen storage 

technologies. The storage can be on-board like in mobile applications such as 

hydrogen-fuelled vehicles, or stationary like in power generation utilization 

[56]. 
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1.1.7.1. On-Board Hydrogen Storage 

 Hydrogen storage on-board for vehicles and other mobile applications 

is considered the most technically-challenging barrier for the wide application 

of hydrogen on a commercial scale. This type of storage technology can be 

divided into physical storage, where the hydrogen molecules are stored via 

compression or liquefaction and chemical storage where hydrides are stored. 

Much research has been conducted focusing on hydrogen as a lightweight 

energy carrier. A detailed study is shown below. 

a) Chemical storage 

 Many chemical compound materials are capable of storing 

hydrogen. Researchers are now trying to use metal hydride materials as 

a method for storing hydrogen. This method has the advantage of being 

safe due to its large-volume storage capacity for on-board applications. 

A group of magnesium-based hydrides was researched by Sakintuna 

B., et al, showing a promising solution for mobile hydrogen storage. It 

showed a reversible capacity of 7.6 wt% for hydrogen storage [57]. 

Boron has also been found to be a promising element for hydrogen 

storage due to its chemical hydrides and nanostructural forms [58]. 

  Another chemical storage method that was investigated was 

the usage of carbon structures like fullerenes. Fullerenes are a class of 

carbon compound which shows unusual structural, chemical, and 

physical properties which lead to unexpected and novel applications 

[59]. An experimental study on fullerenes showed that more than 6 

wt% of hydrogen can be adsorbed by fullerenes at 180°C and at about 

25 bar [60]. Graphene is another type of carbon compound, which is 

composed of pure carbon with atoms arranged in a regular hexagonal 

pattern and when hydrogen is adsorbed it becomes graphane. This type 

of carbon material is said to have a good hydrogen storage capacity.  

b) Physical Storage 

 Physical storage is the method by which hydrogen is stored by 

compression or liquefaction and in a molecular state. These 

technologies are actual established methods used currently in the field. 

Hydrogen under compression is a gaseous state of the element 
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hydrogen when it's under considerable pressure. In vehicles, the 

hydrogen is compressed to pressures of 350 bars and 700 bars. 

Pressurizing the hydrogen for gaseous storage offers the simplest 

solution in terms of the infrastructure requirements and is the most 

popular method of all the storage methods. For hydrogen to be in the 

liquid state, it needs to be stored in cryogenics. The temperatures need 

to be maintained at 20.3 K or slightly above which means liquid 

hydrogen consumes a lot of energy to remain in that state. It is shown 

that hydrogen liquefaction requires about 30% to 40% of the lower 

heating value (LHV) of hydrogen while for hydrogen compression it 

requires only 5% to 20% of the LHV [61]. Hence, pressurizing 

hydrogen seems to be a better solution for storage but other challenges 

like space and cost must also be taken into consideration.  

 Another arrangement of carbons is as a carbon nanotube. This 

is considered a physical storage method since hydrogen molecules are 

stored. A review was conducted in [62] for a method of hydrogen 

storage using carbon nanotubes. The review details one study that 

looked at a wide range of temperatures and pressures in order to 

establish the reliability of this phenomenon as a potential hydrogen 

storage technique. The result was found to be acceptable for future 

storage but a conclusion to do further investigation was reached to take 

into consideration other factors.  

1.1.7.2. Stationary Hydrogen Storage 

 Unlike the mobile hydrogen storage methods, stationary hydrogen 

storage does not have major issues related to hydrogen density. The hydrogen 

can be stored in large enclosed areas and kept safely away from any possible 

dangers. One such way of storing hydrogen is underground storage. This type 

of storage is the practice of employing underground caverns, salt domes, and 

depleted oil and gas fields [63]. The storage of hydrogen can be done in large 

capacities by this method and is suitable for grid energy storage. This is 

essential for a future hydrogen economy.  

 The concept behind storing hydrogen gas underground came from the 

need to supply energy to consumers during high demands. Geographical 

formations like salt caverns or salt domes can be used to store the gas. Salt 
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domes are formed when deposits of salts are restricted to a marine basin. 

When the salt is restricted or unable to move, evaporation occurs resulting in 

salt domes. Salt caverns are underground caves where excavation of minerals 

has led to large empty areas. Even depleted oil and gas reservoirs that are deep 

underground can act as hydrogen gas storage.  

 The benefit of using this method is that unlike surface tanks, deep 

underground storage has the capability to store higher volumes and pressures. 

Also, other advantages are that underground storage does not require large 

land and provides higher security against any external influences [64].  

 

Figure 26: Schematic View of Hydrogen Storage in a Salt Cavern and Depleted Oil and Gas Field 

 Storage options are generally dependent on the geological survey of 

that area. Depleted oil and gas reservoirs are especially characterized by the 

large storage capacities. These reservoirs are mainly used to meet seasonal 

demands. These reservoirs also have high cushion gas requirements. Cushion 

gas is the physically unrecoverable natural gas that provides a required 

pressurization for hydrogen gas. Hence, storing hydrogen in depleted oil and 

gas reservoirs could be a recommended solution for the UAE. 

1.2. Problem Statement 

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

become very important to come up with a system that is energy efficient, eco-
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friendly, and sustainable at the same time. Much research is underway to find 

a viable energy system that is capable of meeting energy demands. For a long 

time, hydrogen production has been researched and developed into a large and 

growing industry. Hydrogen has a variety of uses. It is currently used in 

processing fossil fuels, producing ammonia, acting as a coolant in electrical 

generators, serving in manufacturing plants to determine leaks, and serving as 

a shielding gas in atomic welding. Developing technologies also show its 

usage in transportation vehicles in the future and in fuel cells to produce 

electrical power. Hydrogen is not a primary energy source. It is an energy 

carrier. Hence, it has to be produced.  

 Once manufactured, this gas would serve as an energy carrier. It acts as 

a store for energy generated by other means. A large amount of energy is 

dissipated as heat when hydrogen is burned. The temperature when hydrogen 

is burned in the air can reach roughly 2000°C [65].  

 The proposed model in this work utilizes nuclear and solar energy as 

the primary energy sources. Solar energy is linked with certain hydrogen 

production processes to form hydrogen through the thermochemical water 

splitting process. Half or more of the power generated for electricity can be 

from nuclear base-load stations (constant load) while the rest can be achieved 

by solar energy. Solar energy is utilized to provide the main source of energy. 

Solar energy depends mainly on the sun‘s radiation. When enough solar 

radiation is not available, a stable energy source that can provide a continuous 

flow of energy is required. Nuclear energy serves as a support, make-up and 

back-up power supplier to complement the renewable solar energy source.

 This research is of prime importance in the field of energy. This 

research could provide a long-term solution for meeting the energy demands 

in a fast developing country such as the UAE. With the country already in 

pursuit nuclear energy with the ambition of building the world‘s largest solar 

power plant, this system could be the answer to providing a clean, sustainable, 

and long-lasting solution for its energy demands. 

1.3. Objectives 

 The proposed model in this thesis is an innovative design with 

renewable, sustainable, and environmentally friendly aspects kept in mind. 

This model is tested to see how efficiently it performs in the United Arab 
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Emirates (UAE). The objective of this research is to conduct a complete 

thermodynamic analysis on this conceptual system. The specific objectives in 

this thesis are: 

a. Examine and study the operating principles of solar energy sources, 

nuclear energy sources, fuel cells, various hydrogen production 

systems, and hydrogen storage methods. 

b. Conduct a detailed thermodynamic analysis of each component of the 

proposed system. 

c. Conduct parametric studies by varying parameters to find their effects 

on the thermodynamic efficiencies. 

1.4. Scope 

 The scope of this research involves studying various solar energy 

sources that can be utilized in power plants, different kinds of fuel cells, and 

various hydrogen production processes. The nuclear reactor used in this 

system will also be studied. Later, the proposed system, which involves an 

integrated hydrogen production process combining both solar and nuclear 

energy sources, will be analyzed. This new system is expected to provide 

sufficient heating in buildings and power generation for industries.  

1.5. Literature Review 

 Since many global challenges exist in the world, potential energy 

solutions are required to improve sustainability and reduce environmental 

pollution caused by fossil fuels used in generating electricity. Renewable 

energies have long been considered the viable option for generating electricity 

due to their ready availability. But they too have their downsides due to 

quality, quantity, density, and reliability. Hence, there is a need for an 

additional sustainable energy source which could provide a large-scale energy 

supply to complement renewable energy sources.  

 Orhan et al.[5], have proposed a model that integrates nuclear energy 

to act as a back-up for renewable solar energy and produces hydrogen from 

water using a Cu-Cl cycle by thermochemical water splitting.. Nuclear energy 

has the greatest potential to provide the energy required to back renewable 

energy, with very limited effects on global climate change. The nuclear power 

station could complement the solar energy source when enough solar radiation 



 

53 
 

is not available to meet the demands in energy. The combined energy sources 

would then be used to manufacture hydrogen. 

 The United Arab Emirates has been facing a major challenge in 

environmental pollution and carbon emissions due to its unprecedented high 

economic growth rate and anincrease in population. In order to meet energy 

demands once oil and natural gas are depleted, the UAE must invest in the use 

of renewable energy sources [66]. Utilizing hydrogen energy to fulfill the 

country‘s energy demand could help solve the problem without any 

environmental consequences. This thesis provides a guideline of how 

sustainable development in the country could be reached using hydrogen 

energy. This study shows that the production of hydrogen energy can not only 

help in generating power but can also be used in the transportation and 

commercial sectors. The economic benefits of using hydrogen are also 

mentioned and compared with a business point of view. 

 In 2009, the idea of implementing renewable energy became a goal for 

the UAE. The country announced that at least 7% of the country‘s power 

would be generated by renewable energy by 2020. Though the idea of 

renewable energy shows the start of a new era in energy development in the 

UAE, there are certain challenges that arise in pursuing this goal. Mezher et al. 

have presented an analysis comparing different renewable energy options and 

summarized the requirements for their successful implementation. Among the 

renewable energy sources, wind, hydro, and biomass were found to constitute 

the highest share in installed capacities around the world. The most-used 

renewable source was found to be hydroelectric energy. But in the UAE, being 

a desert land, water is not easily available. The current renewable energy 

source utilized in this country is a solar PV plant in Abu Dhabi, the 10 MW 

plant in Masdar City. The table shown below gives certain constraints existing 

in the development of renewable energy. The main constraints are the lack of 

certain legal and policy frameworks, the lack of information and commercial 

skills, and also the exclusion of environmental externalities in the cost [67].  

 Not only the UAE, but the entire GCC countries face the same 

problems when it comes to environmental pollution. The electricity 

consumption in GCC countries increased significantly from the years 2005 to 

2009, at 3.15% annually. 
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Table 1: Constraints Related to Infrastructure and Institutions to RE Development in Abu Dhabi 

[67]. 

Categories of 

Constraints 
Categories of Constraints 

UAE 

Performance 

Market 

Technology 

Accessibility to credits 

Technology performance uncertainty/risk 

Technical skills and information 

Commercial skills and information 

Non-existence of country assistance strategies 

Awareness/experience in social, rural, 

environments sectors 

Fair 

Normal 

Existing 

Lacking 

Yes 

Fair 

Policy Legislation 

Absence of relative legal and policy frameworks 

Restrictions on sitting and construction 

Accessibility to transmission systems 

Utility interconnection requirements 

Liability insurance requirements 

Yes 

No 

Fair 

High 

High 

Cost 

Subsidies for competing fuels 

Initial capital cost 

Difficulty of fuel risk assessment 

Power pricing assessment 

Transaction costs 

Exclusion of environmental externalities in the cost 

No 

High 

Yes 

Favorable 

Normal 

Yes 

  

 This equals an increase of 12.4% within four years. This rate is much 

higher than the world average which was 2.2% for the same period [68]. A 

prediction shows that these countries need to increase their electricity capacity 

by 60,000 MW by the year 2015, which is 80% of the current installed 

capacity. Due to the depletion of fossil fuels and to reduce emissions, the GCC 

countries have adopted the use of renewable energy sources. Their main focus 

is on wind and solar energy. Nearly all of the GCC countries are planning to 

construct photo voltaic (PV) plants in large capacities. Also, the use of 

photovoltaic generators is being considered in these countries. The electricity 

demand in the UAE has increased to more than double in the recent decade 

and is expected to increase up to 40,000 MW by the end of 2020. Hence, many 

renewable energy projects were implemented. Among the projects is the 

Masdar Company, which is considered the renewable arm of the UAE. 
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 Masdar City [69], a new planned carbon-neutral town in Abu Dhabi, is 

a project that the government has undertaken recently to succeed in its goal to 

attain a renewable energy policy in the UAE. The project was launched in 

2006 in order to promote renewable energy. Reiche has written an article that 

concentrates on this innovation and analyzes the drivers behind this project. It 

analyzes different obstacles that may be faced during its creation and 

development. The main objective of this planned project is to meet its energy 

demands using only renewable energy sources, thus reducing carbon 

emissions. The project is expected to be complete by 2016. One of the main 

innovations is the Masdar institute which focuses mainly on research. The 

project could help in creating awareness in renewable energies not just in the 

UAE but in the whole world. It could also help in exporting more oil and gas 

instead of using it internally and could also prepare for the post-oil age when 

the country‘s natural resources are exhausted. 

 Since one of the most important factors in this research is the 

utilization of solar energy in the UAE, it is essential to know how much solar 

energy is available. Khalil and Alnajjar [70]have conducted an investigation to 

find out how much solar radiation is available in the UAE. In their study, 

global and diffuse components of solar radiation were monitored and analyzed 

on an hourly, daily, and monthly basis. The temperature fluctuations, relative 

humidity, and speed of the winds were also checked, as these were the main 

constraints affecting solar radiation. The monthly average total solar radiation 

showed variation from 2700 Wh/m
2
 in December to 8000 Wh/m

2
 in June with 

an average clearness index of 0.65. These values were compared with an 

experimental approach to find how much actual solar energy could be used in 

the real world. The calculations from the experimental approach showed 

excellent agreement with a possible maximum error of 8%. 

 Accurate information on the availability or quantity of solar radiation 

is of essential importance for developing any solar energy-based project. 

There are generally three components in solar radiation measured at the 

earth‘s surface: direct, diffuse, and global solar radiations. Direct radiations 

are the ones travelling in a straight line from the sun that are not scattered or 

absorbed by the atmosphere. Diffuse radiations are the radiations that are 

effected by the atmosphere and the clouds, hence coming in from all 
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directions. Global radiations are the sum of both direct and diffuse radiations 

irradiating a flat horizontal surface. Islam et al. have published two papers 

which measures the global solar energy radiation [71] and also the direct beam 

radiation [72] of solar energy in Abu Dhabi (24.43 °N, 54.45 °E). The highest 

daily and monthly mean solar radiation values were calculated. Also, the 

highest one-minute average daily solar radiation values were also calculated. 

The calculated values are shown in Table 2. These values are important in 

further research of the proposed model as they can give the initial energy 

provided by the solar collector. 

Table 2: Measured Values for Global and Direct Solar Radiation [71], [72] 

 
Global solar radiation  

(W/m
2
) 

Direct solar radiation 

(W/m
2
) 

Highest daily solar radiation 369 730 

Monthly mean solar radiation 290 493 

Highest average one-minute 

average daily  
1041 937 

 

 Another article by Chaar and Lamont showed multiple on-site 

assessments of global solar radiation in five different locations inside Abu 

Dhabi. This was done to check suitability of solar energy as a potential energy 

source in Abu Dhabi. The solar radiation was measured on an hourly, daily, 

and monthly basis and the values were calculated and processed. The five 

different locations were chosen based on the geographical conditions, with 

some being at higher altitudes while others being at lower altitudes. In this 

way, the maximum and minimum possible average monthly global horizontal 

irradiations (GHI) were calculated. The calculations showed higher readings 

during the months of May through June (the summer months), and lower 

readings in the months of December through January (the winter months). On 

an average monthly GHI, the highest values were between 300 – 350 W/m
2
 

and the lowest were between 150 – 200 W/m
2
 [73].  

 Although the availability of solar radiations was measured as shown 

above, an understanding of how the development of a solar system, if 

implemented in the UAE, needs to be known. Vidican et al. [74] conducted an 

empirical examination regarding this matter. During their qualitative research, 
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they came upon two significant questions regarding the development of a solar 

system in the UAE. The questions were: (1) What are the current performance 

and functional patterns within the emerging solar system of innovation (SI) in 

the UAE, and (2) What are the main factors that have the potential to either 

sustain or potentially undermine the development of an SI in the country?  

 These questions are relevant in this research as it is important to know 

what current developmental obstacles one might face. The study showed that 

the development of a solar SI in the UAE is at a very early stage. The research 

findings indicate the government‘s intentions to develop a strong sustainable 

energy future and knowledge-based economy. The report suggests that the 

country‘s current endeavors support solar SI functioning. But from a 

developing country‘s SI policy perspective, the country still needs to seek 

technologies from foreign countries. Also, with an underdeveloped solar-

related knowledge base, the need to catch up in research related to solar 

sectors is vital. Hence, an initial investment in the solar sector is expected to 

be high, but in the future the expenses could be reduced when the country 

reaches a more developed stage. 

 Of course, the costs and benefits for large-scale power production need 

to be known before the concept is made practical. Harder and Gibson [75] 

have examined the potential for a 10 MW photovoltaic power plant in Abu 

Dhabi using modeling software to predict energy productions, financial 

feasibility, and greenhouse gas emissions reductions. With the increase in 

power demands in UAE, they have tried to compare the existing cost of power 

generated currently due to fossil fuels with that of the 10MW photovoltaic 

power plant located at 24.43 °N, 54.45 °E, which is same location mentioned 

in [71], [72]. The authors used nearly the same global solar radiation values as 

mentioned before. From the initial calculations, the results showed great 

energy production potential generating 24 GWh. The results also showed a 

very good savings in greenhouse gas emissions annually of over 10,000 tons. 

Hence, for large-scale solar power to be profitable, a tariff rate of $0.16/ kWh 

is recommended, which is nearly double the rate of power produced from 

current fossil fuels. 

 The photovoltaic grid connection is another factor that must also be 

taken into consideration. Al-Sabounchi et al. [76] discussed the considerations 



 

58 
 

that must be taken and their compliance with the current electrical structure 

and regulations of the power distribution network in the UAE. The connection 

of photovoltaic generators in the distribution sector, namely photovoltaic 

distributed generation or PVDG, could bring added benefits to the distribution 

network. But certain constraints must be taken into account during the 

deployment of PVDG systems. PVDGs require the actual performance data 

under the current geographic conditions of the country. The article points out 

the considerations that must be tackled from a technical point of view. Actual 

data was taken from pilot photovoltaic distributed generation systems installed 

in Abu Dhabi. The performance review of these systems showed a promising 

future in terms of operating voltage and frequency. Also, the high 

temperatures in the UAE showed only moderate effects on the efficiency of 

PV modules. 

 Thus far, the benefits of hydrogen and the applicability of solar energy 

in the UAE have been discussed. The end product that is needed is hydrogen, 

which can also be produced from just solar energy. The production of 

hydrogen from solar energy has long been researched by many scientists. In 

fact for a long time, research and advances in such systems have decreased 

due to the low efficiency of PV conversion and very expensive equipment. But 

recently, with advancements in technology, PV efficiencies have increased 

significantly. Also, thet costs of equipment have decreased. Momirlan et al. 

[77] are among the researchers in field of hydrogen production from solar 

energy sources. They presented some of the methods used in different 

countries in production of hydrogen from solar energy. 

 Ngoh and Njomo [78] provide an overview of hydrogen gas production 

from solar energy. Due to advancements in technology, the effectiveness of 

such systems has risen. Here the authors show the different methods and 

available technologies currently used for producing hydrogen using solar 

energy as the main source. These technologies transform the incoming solar 

radiation into heat with temperatures varying between 200°C and 2000°C with 

a maximum possible efficiency of 70%. This heat is then later converted to an 

energy vector of hydrogen. The first process is the photochemical process. 

Photochemical processes use solar light to produce the hydrolysis of water. 

There are two sub-procedures known: the photo biological procedure, which 
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uses certain organisms to act as biological catalysts in the production of 

hydrogen from water, and the photo electrochemical procedure, in which a 

semiconductor photocatalyser is submerged in an aqueous electrolyte or in 

water to decompose them into hydrogen and water. The second process is the 

thermochemical process which includes: solar cracking of hydrocarbons, 

steam reforming of hydrocarbons, and thermochemical transformation of 

biomass. These procedures use concentrated solar radiations as the main heat 

source at high temperatures to carry out the endothermic reactions. The last 

process is the electrochemical process in which electrolysis of water is carried 

out. This process is the most commonly used and developed method in 

industries for the production of hydrogen. From an exergy analysis on these 

processes, the electrolysis of water is more efficient in areas where strong 

solar radiation potential is available, like in the UAE. 

 Miri and Mraoui [79] conducted a more detailed analysis of the 

electrolyte process of hydrogen production using solar energy. The electricity 

supply was done using photovoltaic (PV) cells and water vapour electrolysis 

was done by a solar concentrating power station at high temperatures. A 

numerical simulation of hydrogen production was proposed. This analysis was 

done using values of solar radiation at different sites in Algeria. The 

conclusions drawn by the researchers were that for the optimal operation of 

the system, the complete installed system must be located at good climatic 

conditions. It must be located in localities with strong insulations capable of 

holding maximum power, taking into account the fact that an increase in 

temperatures decreases the output of the electric solar power stations. 

 Kazim and Veziroglu [80] conducted a quantitative study considering 

the benefits of a solar hydrogen energy system when used in the UAE. Their 

study indicated that the UAE would, by 2015, fail to meet oil market demands 

and by 2042, fail to meet natural gas demands. In order to maintain the 

country‘s share in the world energy market, hydrogen was proposed to meet 

the demands. Certain mathematical models were used in the study to find out 

the technical and economic feasibility of using solar hydrogen production 

methods in the UAE. Some of the parameters used in the model calculations 

were simplified to get a better overview of the energy situation in the country. 

The author‘s recommendations were that the UAE should use the barren desert 
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areas for photovoltaic farms. They also recommended that the UAE build 

pipelines as early as possible, currently for transporting natural gas to other 

countries and for later stages, when fossil fuels deplete and the hydrogen 

economy is booming, to transport hydrogen to meet the energy demands then. 

At initial stages, the sales generated from hydrogen would be minimal but then 

could start increasing to generate the country‘s income. Future projects could 

also influence the government‘s enthusiasm in solar hydrogen production. 

 Negrou et al. [81] presented a case study of a solar hydrogen 

production system that is based on a site in Algeria. A numerical simulation 

was conducted for the installed capacity based on the characteristic equations 

governing the electrolysis of water, solar towers, and hydraulic pumping 

systems. The main aim of the research was to find the most favorable 

geographic conditions for better production of hydrogen. From their case 

study, maximum values for the production of hydrogen from solar energy 

were calculated in the southernmost parts of Algeria. The authors also found 

that the electricity generated from solar hydrogen production was much 

cheaper than that generated by conventional energy.   

 Joshi et al. [82] conducted a comparative performance assessment of 

photovoltaic (PV) and solar thermal hydrogen production methods. They 

found that in PV panels, the exergy efficiency fluctuates with the intensity of 

ambient temperature and solar radiation. Similarly, the exergy efficiency of 

the concentrating collector can be affected too with the intensity of solar 

radiation. The above-mentioned parameters are vital in order to calculate the 

exergy efficiency of the systems. The conclusions that the researchers drew 

were that both the systems were environmentally benign. However, the solar 

thermal hydrogen production system had a higher sustainability index because 

of its higher exergy efficiency compared to the PV hydrogen production 

method. 

 There are a few other methods of hydrogen production from solar 

energy that can be mentioned here. One of them is hydrogen production from 

a solar energy-powered supercritical cycle that uses carbon dioxide 

(researched by Zhang et al. [83]). Supercritical carbon dioxide (CO2) was used 

as the working fluid for a combined production of thermal and hydrogen 

energy. The proposed system consisted of a heat recovery system, heat pump, 
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power generating turbine, electrolysis of water, and evacuated solar collectors. 

CO2 was efficiently converted into a supercritical state at high temperatures. 

The high temperatures caused the production of electricity and thermal energy. 

The benefit of this system was that the generated electricity from inside the 

supercritical cycle could be directly used to produce hydrogen gas from water. 

 Chen et al. [84] proposed another method of hydrogen production 

using solar energy itself by biomass gasification in supercritical water. The 

proof for this concept was successfully carried out. They used real biomass 

(wheat stalk, corn meal) and model compounds of biomass like glucose, and 

gasified them continuously with the novel system to produce hydrogen-rich 

gas. The results confirmed that a maximal gasification efficiency in excess of 

110% was reached, in which the fraction of hydrogen in the gas product 

approached 50%. These results proved the feasibility of the system and the 

advantages of the system. 

 In the proposed model shown in Figure 27, another important energy 

source, nuclear energy, is provided at a constant load. Nuclear energy has 

always been encouraged as the alternative to current fossil-fuel-generated 

power plants.  

 Ahearne [85] has given a current prospect of the nuclear energy. 

Support for nuclear power plants have been seen in developed countries like 

the United States and also in fast-growing economies like China and India. 

The reason behind this is due to the efficiency provided by nuclear power 

plants in generating electricity. As with any energy system, there are some 

obstacles that arise before installation of a nuclear power plant. They include 

public attitudes, concerns about links to building a nuclear weapons, cost, and 

how to handle waste and workforce shortages. The safe operation of such 

reactors is of the highest importance as a small leak or accident could lead to 

widespread devastation. Cost is not a major factor affecting the construction. 

The initial cost, though, is unreliable due to regulatory measures. There are 

fears in the world that nuclear power could significantly increase the risk of 

producing nuclear weapons of mass destruction (WMDs). Also, public opinion 

is important. The power plants must be very far from the residential areas for 

safety purposes. Finally, the handling of wastes remains a puzzle for most 

countries. The short-term solution would be to reprocess the spent fuel. But for 
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long-term purposes, the most preferred alternative is to place the wastes in 

sealed containers and store them deep underground. 

 Kessides [86] has conducted a more recent case study of the future of 

the nuclear industry and its risks, uncertainties, and continued promise. He has 

mentioned that for any new developments in nuclear industries, skeptics 

always point out the incidents that occurred in Fukushima and Chernobyl. The 

incident in Japan shows that more stringent safety requirements and regulatory 

delays are needed. This in turn will increase the cost of nuclear power and 

further undermine the economic viability.  

Also, the construction cost and other variable costs that occur in the 

initial stages must be reduced. One such way is to install less-complex, smaller 

units that are more affordable than gigawatt-scaled nuclear plants. This will 

help reduce investment risks and can become more standardized. Small 

modular reactors (SMRs) are small-scaled nuclear power plant designs that 

could bring this change. SMRs are also applicable in developing nations like 

the UAE to address the ever-increasing energy demands. 

 Tashimo M et al. [87], have discussed the role of nuclear energy in the 

21st century from an environmental, economical, and energy viewpoint. The 

focus of their work was more into the future development of nuclear energy in 

Asia, particularly China and India, which have the highest growth rate in 

energy consumption. To achieve nuclear utilization in these countries, there 

are two important aspects that must be realized. They are the technical and 

institutional aspects. By technical aspects, the authors mean nuclear fuel 

efficiency. By institutional aspects, they mean the high hurdles to promote and 

use the nuclear energy in Asia. The hurdles include, as mentioned above, 

waste management and public opinion, the fuel supply system, financing to 

build the plants, operation costs, and so on. A conclusion that the reseasrchers 

drew was that energy demands will increase, thus requiring urgent need of a 

better and efficient sustainable fuel. With increase technology and 

advancements in knowledge, nuclear energy seems to be the perfect choice. In 

the coming future, nuclear power plants will play the most vital part of the 

country‘s energy demands. 

 Another important factor not mentioned above about the use of nuclear 

energy is the reduction of greenhouse gases. Alfarra and Abu-Hijleh have 
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investigated the potential role nuclear energy could play in the UAE to 

mitigate CO2 emissions. Since the early 1990‘s, CO2 emissions in the UAE 

have increased to more than double the amount. This could in turn affect the 

climatic conditions in the UAE. Electricity generated by fossil fuels was 

mainly responsible for more than half of the country‘s emissions. According to 

the Kyoto protocol, which is an international law that sets a binding obligation 

to reduce emissions, the UAE has decided to integrate nuclear energy into its 

electricity distribution network to reduce CO2. The researchers of this paper 

evaluated the effectiveness of the UAE‘s proposed nuclear energy strategy 

from the present day to the year 2050. The International Atomic Energy 

Agency (IAEA) has made a simulation model called ―MESSAGE‖ which is 

used to calculate the energy demand and CO2 emissions in the UAE up to the 

year 2050 [88]. From the results, they found that nuclear energy was more 

practical for reducing CO2 emissions, much more than any renewable energy 

source, among the simulated scenarios. Nuclear energy was also found to be 

economically viable. The cost of power generated when using nuclear energy 

was found to be 0.032 $/ kWh, which is significantly less than the current cost 

of 0.0815 $/ kWh for electricity generation from fossil fuels in the UAE. The 

values show the benefits of utilizing nuclear energy. 

 Hydrogen production using nuclear energy is important in this review 

due to its applicability in the proposed model. Forsberg has given a detailed 

study of possible future of hydrogen production using nuclear energy. 

Electricity can usually be generated, transformed, and used economically on 

both large- and small-scale projects. But for the generation, storage, and 

transforming of hydrogen, it must be done on a large scale for economical 

purposes. Hence, this favors the use of large-scale nuclear systems to produce 

hydrogen.  

From the conclusions, it can be seen that in the future, due to 

fundamental physical constraints, the primary output of nuclear power plants 

will be hydrogen rather than electricity. The characteristics of electricity allow 

it to be produced in many different ways. Many technologies exist for 

producing electricity. But hydrogen, due to its characteristics, favors more 

large-scaled facilities like nuclear energy. Also, the store energy in hydrogen  

enables it  to match the variable energy demand when required [89]. Similarly, 
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because of possible transport systems requiring hydrogen, nuclear hydrogen 

would be the future of transportation.  

 Hydrogen has the best potential to be used as an energy carrier in the 

coming future [90]. Air pollution has risen as a serious health issue throughout 

the world. In fact it has been affecting the industrialized and developing 

countries more. Motor vehicles also contribute a significant amount in terms 

of pollution. Hydrogen is one of the clean fuels that could help in reducing 

vehicle emissions. Hydrogen is not a source of energy, but a secondary form 

of energy that must be produced like electricity. It is basically an energy 

carrier. Hydrogen has a particular importance in producing a low-emission, 

cleaner, and sustainable energy systems. 

 Due to the importance of hydrogen, it is studied by researchers around 

the world, with the parallel development of networks and international 

partnerships to promote the hydrogen economy [91]. Miriam et al. have 

conducted a critical review and case study to find out the current perceptions 

and usages of hydrogen. They found that the public awareness and knowledge 

of hydrogen is very limited, with the exception of a few places where certain 

demonstration projects and communication campaigns have increased the 

public interest. They found though that there is a positive attitude towards the 

development of hydrogen, but there are concerns about the storage and safety 

of hydrogen. However, with advancements in technology, this would not be 

problem in coming future. By presenting certain key findings, the authors have 

attempted to show that with a qualitative approach and with first-hand 

experience, public perceptions towards hydrogen as energy carrier could be 

tackled effectively. 

 Forsberg discussed the progress in future hydrogen markets for large-

scale production systems [92]. The cost of hydrogen includes the distribution 

phase, storage phase, and, mainly, the production phase. To avoid collection 

costs for hydrogen that occur from distribution sources, large users of energy 

will favor high-volume, centralized hydrogen production technologies. In the 

paper, potential hydrogen markets were identified to characterize the 

favorability of large-scale hydrogen production systems. The most high-

volume centralized hydrogen production technologies are nuclear energy and 

fossil energy with carbon dioxide. The potential for hydrogen in the markets 
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will be in the production of liquid fuels like gasoline, diesel, and others, and 

mainly in generating electricity. If high hydrogen production becomes 

possible, it could not only be used for generating electricity, but also for hot 

water and heating and cooling systems too if economically viable. In order to 

create viable large-scale hydrogen production systems, developers must have a 

thorough knowledge of hydrogen technology and strong business partnerships 

for reducing costs.    

 The proposed model also includes hydrogen production processes. The 

copper-chlorine (Cu-Cl) cycle is one such process which decomposes water 

into oxygen and hydrogen, the needed product, through a thermochemical 

water splitting method. Hence, a basic understanding is required of the 

procedures in a Cu-Cl cycle.  

 Naterer et al. [93] have presented a paper showing the latest advances 

of an international team on the thermochemical copper-chlorine (Cu-Cl) cycle 

of hydrogen production. The main objective of the paper was to find the 

possible advances in technologies for the thermochemical copper-chlorine 

cycle. The study focuses on safety, reliability, thermochemical data, advanced 

materials and economics of the Cu-Cl cycle. For system modeling, simulations 

were conducted which helped in predicting the behavior of the process 

reactions and steps using phase and chemical equilibrium data. They found 

that with further optimization and effective heat matching with proper design, 

efficiency of the cycle could be increased. A major benefit in using the Cu-Cl 

cycle over other thermochemical cycles is its low operating temperatures and 

ability of using low-grade waste heat from other sources to help in hydrogen 

production.  

 Ozbilen et al. [94] have done a comparative life-cycle analysis of the 

Cu-Cl cycle with various other methods of hydrogen production. The other 

cycles that they compared against were the sulphur-iodine (S-I) water-splitting 

cycle, water electrolysis at high temperatures, conventional steam reforming 

of natural gas, and production of hydrogen from a renewable energy source. 

The comparative analyses were done using life cycle assessments (LCA) as 

they provide the critical phases during each step of the cycle. The results 

showed that the production of hydrogen using the Cu-Cl thermochemical cycle 

is much better than conventional natural gas steam reforming but has lower 



 

66 
 

impacts than hydrogen production using renewable energy sources and 

electrolysis at high temperatures. The emissions of the S-I cycle showed better 

results than those of the Cu-Cl cycle. Although the results were taken into 

account using just the cycle analysis, there are other factors that must be 

considered too in order to make a proper comparison. These factors include 

low temperatures and low production costs. 

 Orhan et al. [95] have created a hydrogen production method by 

coupling the copper-chlorine hybrid thermochemical water splitting cycle with 

a desalination plant using nuclear energy as the source. The reason for using 

nuclear energy is due to its potential to supply a large amount of energy 

without disturbing the geographical climatic conditions. The authors 

conducted an analysis of this system using seawater rather than fresh water. 

Five different cases were conducted using different desalination methods. The 

conclusion that they reached were that due to technical improvements, 

desalination costs have decreased over the past few years. The capital costs for 

the Cu-Cl cycle for each unit of hydrogen output is less when used in large 

capacities. The least expensive desalination method was found to be the 

humidification-dehumidification (HD) desalination unit. The effects of the Cu-

Cl cycle were also found to be dominant in the overall energy efficiency due 

to the fact that a desalination plant uses much less energy than the Cu-Cl 

cycle. 

 Orhan et al. also did a study involving several Cu-Cl cycles by 

analyzing them using various design schemes [96]. This was done to find out 

which scheme provided the most potential performance. Three different 

analyses were done. The first one was a three-step Cu-Cl cycle, then a four-

step Cu-Cl cycle, and finally a five-step Cu-Cl cycle. The use of a multi-step 

process is, in theory, able to reduce the initial work requirements. Since all of 

the above-mentioned configurations combine as one or more steps in a five 

step Cu-Cl cycle, this cycle was used as the main design scheme and its 

individual reactors were analyzed separately. From the results obtained, it was 

found that using fewer steps in the Cu-Cl cycle could yield some 

disadvantages such as high-grade heat requirements. Also, fewer steps showed 

reductions in the energy efficiency values. However, fewer steps appeared to 

have higher exergy efficiencies due to the decrease in the chemical reactions. 
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The conclusions one may draw from this study are that more developments are 

required in the future for an improved design. The information provided in this 

study could provide assistance for future analyses and work. 

 The main objective of this research is to conduct an energy and exergy 

assessment of the proposed model. Much research can be found where the 

main aim is to do an energy and exergy analysis on the system. Joshi,et al. 

have done an exergetic assessment of various solar hydrogen production 

methods in terms of sustainability. The different processes that they used were 

electrolysis at 473 K, 1173 K, and 353 K, with each having exergy efficiency 

values of 79%, 86%, and 63%. The other methods and their corresponding 

exergy values were gasification with 46%, reforming with 46%, and 

decomposition at 32% . From these results, it can be concluded that 

electrolysis is the better choice, especially at high temperatures, to produce 

hydrogen. 

 Ratlamwala and Dincer [97],[98] have done energy and exergy 

analyses of an integrated Cu-Cl cycle-based integrated system for hydrogen 

production. The Cu-Cl thermochemical cycle is integrated with a Kalina cycle 

and electrolyzer. System parameters like the pressures and temperatures were 

varied along with the mass fractions in order to understand their effects on the 

energy and exergy efficiency of the integrated system. The exergy destruction 

is calculated for each component of the system. From the analyses, it was 

found that exergy values increased with an increase in temperature. But for an 

optimum purpose, the best temperature was found to be 328.6 K. At this 

temperature, the energy and exergy efficiencies were found to be 66.92% and 

72.06%, respectively. Also, it was found that highest amount of exergy 

destructed in the Cu-Cl cycle was by a separator (16.82K). Also, in the Kalina 

cycle, the highest amount of exergy is destructed by the heat exchanger 

(48.05K). 

 Orhan et al. [99] conducted an exergoeconomic analyses on a copper-

chlorine thermochemical water splitting cycle using an exergy-cost-energy-

mass (EXCEM) analysis. The relation between the costs and exergy was 

demonstrated using plots of exergy values versus cost . The results obtained 

here could be used for further improvement and optimization of the Cu-Cl 



 

68 
 

cycle. Also, the analysis showed the helpfulness of using EXCEM in the 

formulation of energy, economic, and environmental policies. 

 Orhan et al. [100] also conducted an energy and exergy analysis of the 

hydrogen production step of a copper-chlorine thermochemical water splitting 

cycle with nuclear energy acting as the primary energy source. Relevant 

chemical equations were considered during the hydrogen production step and 

energy and exergy methods were used to calculate the respective efficiencies. 

The process in the system was driven by nuclear-based heat.  

 In summary, many sources from the literature have demonstrated the 

benefits and applicability of the different components in the proposed model. 

A basic review of solar energy was done and the amount of solar radiation that 

could be used for calculation purposes was found in Abu Dhabi (24.43 °N, 

54.45 °E), UAE. Also the costs of solar energy and nuclear energy, if utilized 

in the UAE, were found too. The various hydrogen production methods were 

discussed. These studies also provide a basis for developing test-case studies 

for future sustainable energy processes. The studies showed hydrogen 

production using separate energy sources. Thus, we can see that in the end, 

research needs to be done to find how the system would act when both solar 

energy and nuclear energy are used as the primary energy sources in the 

production of hydrogen. 

1.6. Methodology 

 The main objective of this research is to find the energy and exergy 

efficiency of the overall proposed hydrogen production system. The approach 

to achieve the aforementioned objective will be to do an energy and exergy 

analysis of the system in a step-by-step manner. The properties of various 

fluids in the system will be found from property tables and from Engineering 

Equation Solver (EES). The research outline can be described in the following 

phases. 

1.6.1. Phase I: Literature Survey 

 Literature surveys on the sustainability of hydrogen as an energy 

carrier and on solar and nuclear energy are conducted. Using the knowledge 

that is gained from the literature review, research on the energy and exergy 

analysis is conducted.  
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1.6.2. Phase II: Thermodynamic Energy Analysis 

 An energy analysis will be done on the proposed model. It will be done 

by splitting the model into three different procedures: 

a. Calculation of solar energy in a particular area. As mentioned in the 

literature review, the area of interest here is Abu Dhabi (24.43 °N, 54.45 

°E), UAE. 

b. The initial values for nuclear energy must be taken into account; these can 

be found from [88]. These values will be helpful for monitoring the 

function of the first nuclear reactor in the UAE, which is expected to 

appear in 2017. .    

c. The next process would be to use the values mentioned above in the 

beginning of the various hydrogen production processes using 

thermochemical water splitting cycles to produce hydrogen. This can give 

the final value of usable energy and provide an energy efficiency value. 

1.6.3. Phase III: Thermodynamic Exergy Analysis 

 An exergy analysis will also be done on the proposed model. The same 

initial values of solar energy and nuclear energy will be used for exergy 

analysis as well. The values will be used in similar procedures as were used 

for energy analysis but taking into account exergy destruction values. The 

exergy destruction will occur in each component of the model. These values 

will be considered to get the final exergy value exiting from the system. 

1.7. Thesis Organization 

 In this chapter, the long-term impacts caused by environmental 

pollution, population growth, and the increasing demands in energy were 

explained in detail. The expected outcome by conducting the current project 

was also explained. A complete literature review of papers written by various 

authors related to my research showed the benefits and applicability of the 

different components in the proposed model. 

 In Chapter 2, a figure depicting the proposed model is shown. A 

detailed description of the system is also provided. The system shows how it 

can act in conjunction with the revolutionary smart grid technology. That is, 

the system is capable of meeting the demands, whether high or low, as 

required. Also, the environmental impacts due to current and future power 

generation technologies are described. 
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 Chapter 3 shows a thermodynamic analysis conducted on each 

component and sub-component of the system. The thermodynamic analysis is 

first conducted on different solar energy sources, then on a nuclear reactor 

which is sanctioned to be used in the United Arab Emirates, then on fuel cells, 

and finally on some hydrogen production processes. An overall analysis is 

conducted on the complete system to determine the energy and exergy 

efficiencies. 

 Chapter 4 provides a summary with graphs and explanations on the 

system‘s functionality. Results include all analysis conducted on the individual 

components and on the overall system. 

 Chapter 5 provides the conclusion of the work. It discusses what could 

be understood from the research and explains in detail the intellectual 

contributions that could be made from conducting the research.  

Finally, Chapter 6 provides recommendations for future work. Specific 

recommendations that could be made in improving the overall system are 

explained. Also, suggestions for future work are identified. 

  



 

71 
 

Chapter 2:  System Description And Environmental Impacts 

2.1. System Description 

 The proposed system is a modified schematic diagram of a nuclear-

assisted solar hydrogen production process taken from [5]. For a long time, 

hydrogen production has been researched and developed into a large and 

growing industry. Hydrogen is not a primary energy source. It is an energy 

carrier, and hence has to be produced.  

 The proposed model in this work utilizes nuclear and solar energy as 

the prime energy sources and links them with certain hydrogen production 

processes to form hydrogen through a thermochemical water splitting process. 

Solar energy is utilized to provide the main source of energy. Solar energy 

depends mainly on the sun‘s radiation. When enough solar radiation is not 

available, a stable energy source that can provide a continuous flow of energy 

is required. Nuclear energy serves as a support, make-up and back-up power 

supplier to complement the renewable solar energy source. Half or more of the 

power generated for electricity can be from nuclear base-load stations 

(constant load) while the rest could be achieved by solar energy.  

 One way to deliver a constant or any required load profile to the grid is 

to equip the nuclear and renewable power plants with an energy storage 

device, such as a regenerative fuel cell (a combination of hydrogen production 

processes and a fuel cell with hydrogen storage). The power synchronization 

(conditioning) and control unit has an extremely complex function in this 

configuration. It must direct power from the renewable and nuclear power 

plants to either the grid or hydrogen production processes, and switch to fuel 

cell power when there is not enough power from the nuclear power plant. 

Hence, this system acts like a smart grid, where according to the fluctuation in 

demand, the required energy can be provided. Another option is to use 

nuclear/renewable-generated hydrogen as a fuel for cooking and heating in the 

house and/or for a fuel cell or hydrogen combustion engine-powered vehicle 

as an attractive option for remote areas. 

 The question arises, though, of how efficient this proposed model 

would be when implemented in the United Arab Emirates (UAE). The UAE 

currently produces electricity from fossil fuels like oil and gas. The country is 
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looking forward to developing both nuclear and solar energy for its electricity, 

with the first nuclear reactor to be built by 2017 and its first solar power plant 

to be built by the end of 2012. 

 Thermodynamic analysis is first conducted on the solar energy source. 

Various types of solar energy collectors, such as glazed flat plates, unglazed 

flat plates, and tubular solar collectors, are taken from SRCC [101–103] for 

this purpose. Also, for concentrators, a parabolic trough concentrator from Sky 

Trough [104], a parabolic dish concentrator from Solarbeam [105], and a 

linear Fresnel collector from Novatec Solar [106] are included in the analysis. 

Efficiencies are calculated on these solar panels and the results are compared 

to find the best option for the system. After the analysis is conducted on solar 

panels mentioned, energy and exergy efficiencies are conducted on the nuclear 

energy source. The nuclear energy source used here is the APR 1400 nuclear 

reactor as it has been commissioned to provide power in theh UAE with the 

first reactor starting from 2017. Then analyses are conducted on fuel cells. 

Some of the most promising fuel cells capable of providing power to a utility-

scale are the molten carbonate fuel cell (MCFC), phosphoric acid fuel cell 

(PAFC) and the solid oxide fuel cell (SOFC).  

 The complete schematic diagram of the proposed model is shown in 

Figure 27. 
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2.2. Environmental Impacts 

 The increase in the demand for energy has been an issue since the 

modern age began. Such an unexpected rise in the demand for energy has 

become a concern for both the developing and developed countries for a long 

time. Developments in power generation technologies have relied mainly on 

coal, oil and gas or other fossil fuels. The negative impact of these 

technologies was it caused a lot of environmental pollution. During the 

modern age, when new industries were constructed to enhance the standard of 

living, pollution was not considered a factor in development. Also, the current 

rate of fossil fuel usage could lead to drastic a energy crisis in the future. 

 As technology grew and people around the world realized the lethal 

effects that pollution could cause to our planet‘s atmosphere, new research and 

development began to arise. In order to survive the future energy crisis, 

research and development was done by many scientists and companies 

involved in the energy industry. Renewable energy sources are considered the 

future in power generation. The advantages of using renewables are that they 

are abundantly available depending on the geographic conditions and they are 

pollution-free. In the coming future, civilization will be forced to research and 

develop alternative energy sources [107]. 

 The world will have to shift its power generation technologies very fast 

to renewables, because major parts of the world are still dependent on 

conventional means of producing power. The greenhouse effect is a 

phenomenon in which the radiated solar energy from surfaces on the Earth 

does not get transmitted back to space. Due to the conventional methods in 

power generation technologies, where burning of fossil fuels is required, 

carbon dioxide and carbon monoxide is produced. This results in radiation 

being trapped within the Earth‘s atmosphere. The greenhouse effect keeps 

increasing on our planet, which results in increasing temperatures. This in turn 

causes the melting of the ice caps at the poles, leading to a rise in ocean 

waters, thus submerging our precious land. Renewable sources of energy are 

clean and green but the main drawback is they generate less energy compared 

to fossil fuels. Hence, attempts are being made to combine two different 

external sources such as light and heat to generate energy useful for practical 

purposes [108]. 
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 The proposed model here is expected to provide a breakthrough in 

alleviating global warming or other factors affecting the environment. The end 

product will be water and steam, which are both clean and environmentally 

friendly. By using hydrogen and oxygen, which are abundantly available in 

the atmosphere, a safer and cleaner energy can be achieved without harmful 

effects resulting from combustion. No external sources that produce 

greenhouse gases are required. In conclusion, the system that is analyzed 

could be helpful to the ruling authorities and researchers who are looking 

forward to developing an integrated system for renewable, sustainable, and 

clean energy sources. 
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Chapter 3: Thermodynamic Analysis 

 In this chapter, a thermodynamic analysis is conducted on the proposed 

system. The energy and exergy equations used for the analysis are shown and 

calculated for each component and their respective sub-components. 

Thermodynamic analysis is first conducted on different solar energy sources, 

then on a nuclear reactor which is sanctioned to be used in the United Arab 

Emirates, then on fuel cells, and finally on some hydrogen production 

processes. 

3.1. Solar Energy Sources 

 A preliminary analysis was conducted on the solar energy sources. In 

order to have a better understanding of which type of panels needed to be used 

in the system, efficiency needed to be found for the different types of solar 

energy applications. For panels like solar collectors and concentrated solar 

panel (CSP) applications, efficiencies need to be found as they depend on 

certain parameters like inlet temperature, outlet temperature, ambient 

temperature, and the wind speeds for the different months. Third-party 

certification data on certain solar collector systems are available from the 

Solar Rating and Certification Corporation (SRCC) on their website [101–

103]. The solar collector types taken for the analysis were the glazed flat plate 

and the unglazed flat plate. The tubular and solar concentrator types were the 

parabolic trough concentrator [104], parabolic dish concentrator [105], and 

linear fresnel technology [106].  

 Input values used for analysis of both solar collectors and solar 

concentrators are shown in Table 3. The average and monthly values for the 

solar radiation (G) were deducted from graph showing monthly and average 

peak values annually in [71].   The input values for the wind speed (u) at a 

horizontal resolution of about 27 km and the ambient temperatures (Ta) at a 

mean pressure of around 1008 hPa for each month were taken from the 

weather database of Abu Dhabi during the year 2012. 
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Table 3: Input Values for Solar Collectors and Concentrators [71] 

Month 
Average Wind 

Speed, u (m/s) 

Ambient Temperature, 

Ta (°C) 

Global Irradiance, G 

(W/m
2
) 

Average Maximum 

January 4.63 20 170 875 

February 5.14 22 213 1041 

March 5.14 25.5 249 1015 

April 5.14 31.1 275 1012.5 

May 5.66 35 298 1020 

June 5.14 36.1 290.5 969 

July 5.14 36.2 290.5 955 

August 5.14 35.5 278 975 

September 4.63 34.8 267.5 1025 

October 4.12 32 231 912.5 

November 4.63 27.5 182.5 876 

December 4.12 21.1 134 900 

 

3.1.1. Energy Analysis 

3.1.1.1. Glazed Flat Plate Collector 

 The equation used for finding the energy efficiency of this collector 

was taken from [101]. The energy efficiency equation is given as 
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 Here, Ti is the input temperature which is assumed in °C, Ta is the 

ambient temperature in °3.75, and G is the solar radiation value in W/m
2
. 

3.1.1.2. Unglazed Flat Plate Collector 

 The equation used for finding the energy efficiency of this collector 

was taken from [102]. The energy efficiency equation is given as 
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Where, 

 

       . 

 

 Here, Ti is the input temperature which is assumed in °C, Ta is the 

ambient temperature in °C, u is the average wind speed in m/s, and G is the 

solar radiation value in W/m
2
. 

3.1.1.3. Tubular Solar Collector 

 The equation used for finding the energy efficiency of this collector 

was taken from [103]. The energy efficiency equation is given as 
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 Where, 

 

       . 

 

 Here, Ti is the input temperature which is assumed in °C, Ta is the 

ambient temperature in °C, and G is the solar radiation value in W/m
2
. 

3.1.1.4. Parabolic Trough Concentrator 

 The energy efficiency equation used for the analysis was derived from 

concepts given in [109]. The incident solar radiation was first directed onto an 

aperture area, Aap, and then onto a receiver or an absorber with area Ar. Then a 

geometric concentration factor, CR, was derived as the ratio of aperture area to 

the absorber area given as 

 

   (
   

  
) (4) 

 

 The incident solar flux depicted as G in W/m
2 

was used to calculate the 

energy delivered to the receiver. The energy delivered, qdel, is the product of 

incident solar flux, G, reflected on the aperture, times the product of aperture 

area, Aap, and optical efficiency, ηar, of the aperture-to-receiver process.  
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               (5) 

 

 Heat losses occurred due to convection and radiation, or expressed in 

terms of overall conductance, UL, can be expressed as  

 

              (       ) (6) 

 

Where, 

 

     
         

 
 (7) 

 

 The useful energy then becomes 
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 The collector efficiency or the energy efficiency, ηenergy, can be defined 

as the useful incident radiation flux divided by the incident radiation energy: 
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 Realising the fact that the geometric concentration factor, CR, is 

Aap/Ar, the final equation then becomes 

 

            
   (       )

    
 

 (10) 

 

 The values for the concentration factor, CR, inlet temperature of the 

fluid, Tf,i, outlet temperature of the fluid, Tf,o, and optical efficiency, ηar are 

given as shown or could be found from the values in Table 4. But for finding 
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the overall conductance, UL, a different approach needs to be taken depending 

on the absorber type. In the case of thet parabolic trough concentrator [110], 

the overall heat loss coefficient or the overall conductance can be found using 

the following equation [111] in W/m
2
.K: 

 

             (11) 

 

 Where hw is convective heat transfer coefficient between the receiver 

and ambient air due to wind, and hr,r-a is  the radiation heat transfer coefficient 

between the absorber or receiver tube and the ambient air. 

 The convective heat transfer coefficient, hw, can be calculated as [112]  

 

   
    

 
 (12) 

 

 Where k is the thermal conductivity in W/m.K and D is the diameter of 

the absorber tube whose values are given in Table 4. The value of the Nusselt 

number, Nu, is taken depending on the following conditions: 

 

                    For 0.1 <Re< 1000 (12a) 

 

              For 1000 <Re< 50.000 (12b) 

 

 The Reynolds number, Re, is found as 

 

   
     

 
 
   

 
 (13) 

 

 Where ρ is the density with value 773 kg/m
3
, V is the mean velocity 

with value 9.02 ×10
-5

, and μ is the dynamic viscosity with value 0.185 × 10
-3

 

Pa.s or kg/m.s., and ν is the kinematic viscosity which is same as the dynamic 

viscosity divided by the density. These values were found using property 

tables [113].  

 The radiation heat transfer coefficient between the receiver tube and 

the ambient air can be found using [111]: 
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 Where σ is the Stefan–Boltzmann constant with a value of 5.67 × 10
-8

 

W/m
2
.K

4
 and ε is the emissivity which can found from Table 4. The receiver 

temperature, Tr, can be found using the following equation [114]: 
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 Where   ̇ is the mass flow rate in kg/s, and Cp is the specific heat in 

J/kg.K as shown in Table 4. The length L is the total length along which the 

absorber tube runs which is given as 115m. As for the convective heat transfer 

coefficient, taking water as a reference, hc can be found using [115]: 
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 Where kw is the thermal conductivity of water taken as 0.6 W/m.K, Prw 

is the Prandtl number taken as 7, and Rew is the Reynolds number of water at a 

reference temperature of 20 °C. 

 The overall heat transfer coefficient, UL, was thus calculated using the 

above equations and is shown in Table 4. 

3.1.1.5. Parabolic Dish Concentrator 

 For energy efficiency calculation, the equation (10) could be used here 

too. But the overall heat transfer coefficient, UL, needs to be calculated using a 

different method as the absorber is considered as a square plate with the 

dimensions shown in Table 4. 

 The overall heat transfer equation is the same as in (11) and so are 

equations (12) and (14). The only difference is in finding the Nusselt number, 

Nu, and the receiver temperature, Tr. 

 The Nusselt number, Nu, is found as [115] 
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        (     )
 

  (17) 

  

 Where Gr is the Grashof number and Pr is the Prandtl number. The 

product of the Grashof number and the Prandtl number is given as [115] 
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 Where g is the acceleration due to gravity taken as 9.81 m/s
2
, Pr is the 

Prandtl number with a value of 4.05; and ν is the kinematic viscosity with a 

value of 1.93×10
-6

 m
2
/s: 

 

  
 

    
    

 

                

 

  
  
  

 

 

 The above values were found from property tables of the fluid [116], 

[117]. The value for the receiver area, Ar, was from Table 4. The receiver 

perimeter, Pr, was found to be 1.016 m
2
. For finding the receiver temperature, 

Tr, which is required in the analysis of hr,r-a, the equation used is derived from 

[115] 

 

        
  (19) 

 

 In equation (19), the value for σ is known, the value for ε is found from 

Table 4, and the average and maximum solar radiation values, G, are given in 

Table 3. The only unknown value is the receiver temperature, Tr, which is 

found using the calculation conducted on MS Excel. 

 

3.1.1.6. Linear Fresnel Collector Technology 
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 The equation used for finding the energy efficiency is same as equation 

(10). But for finding the overall heat coefficient, UL, a direct equation is given 

by [106] as 

 

              
  (20) 

 

 Where the value for U0 is 0.013 W/m
2
.K and U3 is 6.25×10

-10
 

W/m
2
.K

4
. 

3.1.2. Exergy Analysis 

  Exergy efficiency must be determined so that a qualitative analysis on 

the collector can be conducted. To determine the system‘s thermal capabilities, 

it is essential to perform an analysis based on the second law of 

thermodynamics. 

  The exergy efficiency, ηexergy, is calculated by dividing the increase in 

working fluid exergy or the gain exergy by the total exergy due to solar 

radiation [118–124]: 

 

        
 ̇    

  ̇     
 

 (21) 

 

 The difference between the fluid inlet and outlet exergies represents the 

increase in flow exergy or the exergy gain and can be given as [123], [124] 

 

 ̇       ̇      ̇     [(         )     (  
    

    
)] (22) 

 

 In order to calculate the exergy due to solar radiation, two different 

methods were used. One method was for solar collectors and the other for 

solar concentrators. The solar radiation exergy for solar collectors was given 

as [123] 

 

 ̇           *  (
  

  
)+ (23) 
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 Where Ts is the apparent temperature of the sun taken as the exergy 

source which is assumed to be 4500 K. 

 For the case of solar concentrators, Petela‘s approach is used for 

defining the exergy of solar radiation which can be given as 

 

 ̇              (24) 

 

 Where ηp is the Petela‘s efficiency of converting radiation energy (i.e., 

G×Aap) into work, given as 

 

     
    

    
 
 

 
 (

  

  
)
 

 (25) 

 

 The mass flow rate,  ̇, for the solar collectors were found from [101–

103] given as 0.04897 kg/s for the glazed flat plate collector, 0.05632 kg/s for 

the unglazed flat plate collector, and 0.0247 kg/s for the tubular collector. The 

flow rate values for solar concentrators are given in Table 4. 

Table 4: Specifications and Properties of Solar Concentrators 

 Parabolic Trough 

Concentrator 

Parabolic Dish 

Concentrator 

Linear Fresnel 

Collector 

Aperture Area (Aap), 

m
2
 

656 15.9 513.6 

Receiver Area (Ar), 

m
2
 

3.4935 0.0645 9.85 

Concentration Factor 

(CR) 

188 247 52.13 

Optical Efficiency (ηr) 0.77 0.86 0.65 

Inlet Fluid 

Temperature (Tf,i), K 

563 243 573 

Outlet Fluid 

Temperature (Tf,o), K 

664 418 773 

Thermal Conductivity 

(k), W/m.K 

0.089 0.384 - 

Emissivity (ε) 0.095 0.16 - 

Mass Flow Rate (ṁ), 

kg/s 

0.75 0.037 0.25 

Specific Heat (Cp), 

J/kg.K 

1570 3558.78 2138.82 
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3.2. Nuclear Energy Source 

 An analysis was also conducted on the nuclear energy source, as the 

efficiency of the nuclear power plant needs to be found. The energy efficiency 

can be found easily as we can determine the reactor‘s thermal output, while 

the power plant net output is given. The cycle used is the Rankine cycle which 

is the cycle used in most power generation plants. A process flow diagram of 

the nuclear reactor along with its Rankine cycle is shown in Figure 27. 

 

Figure 28: Process Flow Diagram of Nuclear Reactor and Its Rankine Cycle 

 The processes involved in the formation of steam and the final 

production of power are shown below: 

A) Processes 1 – 2: At the beginning of the cycle, the working fluid is 

pumped from low pressure to high pressure using the feed water pump. 

The fluid is in the liquid stage, hence a relatively small amount of input 

energy is required 

B) Processes 2 – 3: The high pressurized fluid from the feed water pump then 

flows to a steam generator where it absorbs the heat from the primary 

coolant to become superheated steam. At times, a pressurizer is used to 

maintain the required steam quality.  

C) Processes 3 – 4: The superheated steam then enters the turbine where it 

expands by running the turbine to generate power. This process decreases 
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the temperature and pressure of the vapour and some condensation may 

occur.  

D) Processes 4 – 1: The wet vapour then enters the condenser where it is 

condensed at constant pressure to become saturated liquid. 

E) Processes 5 – 6: This process occurs on the primary side. The reactant 

coolant enters the reactant coolant pump where the pressure gets increased 

to a very high value. 

F) Processes 6 – 7: The high pressure liquid from the reactant coolant pumps 

enter the nuclear reactor to absorb the heat formed due to the nuclear 

fission reaction. 

G) Processes 7 – 5: The hot fluid from the nuclear reactor then goes to the 

steam generator to produce steam for the secondary side after which the 

fluid travels back to the reactant coolant pumps for the next cycle. 

 In order to find the exergy efficiency, a backward analysis needs to be 

done using the already-known technical data to find the enthalpy and entropy 

at each state of the cycle. The T-S diagram of the Rankine cycle is shown in 

the Figure 28. The T-S diagram can be used for analysis on the secondary side.  

 

Figure 29: T-S Diagram Depiction of the Rankine Cycle 

 The given specifications of the various components required for the 

analysis are shown in the Table 5. 
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Table 5: Technical Data of Various Components 

Section Values 

General Plant Data 

Power plant output, net (Ẇnet), MWe 1400 

Nuclear Steam Supply System 

Steam flow rate (ṁs), kg/s 1130.83 

Steam temperature (T3), °C 285 

Steam pressure (P3), MPa 6.9 

Reactor Coolant Pumps 

Number of RCPs (nRCP) 4 

Primary coolant flow rate (ṁRCP), kg/s 20991 

Head (HRCP), m 109.7 

Flow (QRCP), m
3
/s 7.67 

Reactor Vessel 

Reactor pressure (P7,P6), MPa 15.5 

Inlet temperature (T6), °C 290.6 

Outlet temperature (T7), °C 323.9 

Feed Water Pump 

Number of feed water pump (nfeed) 3 

Feed water flow rate (ṁfeed), kg/s 1134 

Head (Hfeed), m 609.6 

Flow (Qfeed), m
3
/s 0.902 

Turbine-Generator 

Number of turbine (HP/MP/LP) 1/0/3 

Active power (Ẇout), MW 1521 

Condenser 

Condenser pressure (P1), kPa 6.08 

Primary Containment 

Design pressure (P0), MPa 0.515 

Design temperature (T0), °C 143.33 

 

3.2.1. Energy Analysis 

 The equation used for finding the energy efficiency is the general 

equation used in analysing a power plant. The energy equation can be given 

as, 

 

        
 ̇     ̇  

 ̇  
 
 ̇   

 ̇  
 

 (26) 
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 The value for the net power plant output (Ẇnet) can be found from 

Table 5. The heat input will be the reactor thermal output found from the 

following equation: 

 

 ̇    ̇    ̇    (     ) (27) 

 

 Where h7 and h6 are the enthalpy values found using the temperature 

and pressure values at the respective states. These values are shown in Table 

6. 

3.2.2. Exergy Analysis 

 Current power plants are designed according to the first law of 

thermodynamics. Hence, the performance of power plants is based on the 

energetic performance criteria. The energy loss that occurs during the 

operation of the power plant cannot be fully recognized by the first law of 

thermodynamics alone, as there is no differentiation between energy quality 

and energy quantity. While energy analysis gives only the quantity, exergy 

analysis takes into consideration the exergy destroyed and presents qualitative 

results about the actual energy consumption [125], [126]. 

 The general equation used in the exergy analysis of exergy efficiency 

is 

 

        
 ̇   

 ̇  
 

 ̇       

 ̇         ̇      ̇    
 

 (28) 

 

 Where  ̇        is the exergy output from the turbine,  ̇        is the 

exergy input from the reactor to the secondary system,  ̇    is the exergy 

input from the reactant coolant pump, and   ̇     is the exergy input from the 

feed water pump. 

 For finding the exergy efficiency, we need to know the enthalpies and 

entropies at each state of the system. In order to find the exergy in a process 

between two states, the following equation can be used, 
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 ̇   ̇  [(     )     (     )] (29) 

 

 The power output from the turbine-generator couple,  ̇   , is given in 

Table 5. The temperature (T3) and pressure (P3) at State 3 is known. Hence, 

we can find the enthalpy (h3) and entropy (s3) at that state. The value for 

pressure at State 4 (P4) is also known which is equal to the condenser pressure 

P1. The number of turbines, n, is taken as 4. The enthalpy at State 4 (h4) can 

thus be found from following equation: 

 

 ̇       ̇  (     ) (30) 

 

 Once the enthalpy at State 4 is found, the values for temperature (T4) 

and entropy (s4) can be found using thermodynamic properties. The pressure 

(P1) at State 1, which is the condenser pressure, is known. Also known is the 

fact that fluid enters the feed water pump at the liquid-saturated state. Then the 

values for temperature (T1), enthalpy (h1), and entropy (s1) can be found at 

State 1, the liquid saturated state,.  

 The work done per second by the feed water pumps and the reactant 

coolant pumps can be found by the following equation used to find power: 

 

 ̇     
                      

     
 (31) 

 

 ̇    
                   

    
 (32) 

 

 Where ρw is the density of water taken as 1000 kg/m
3
, g is the 

acceleration due to gravity taken as 9.81 m/s
2
, and the efficiencies of all 

pumps are assumed to be 80%. The other values in the above equation can be 

taken from Table 5. 

 Once the power input for the pumps are known, the following 

equations can be used to find the other properties at State 2 and State 5: 

 

 ̇     
 ̇     (     )

     
 (33) 
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 ̇    
 ̇    (     )

    
 (34) 

 

 Where the enthalpy (h1) value for State 1 was found before. The 

temperature and pressures are known at States 6 and 7. Hence, the enthalpies 

(h6 and h7) and the entropies (s6 and s7) at the respective states could be found. 

Once the enthalpy values are found at States 2 and 5, (h2 and h5), other 

thermodynamic properties can be found since the pressure (P2) value at State 

2, and the fact that State 5 is saturated liquid state is known. 

 The values of enthalpies and entropies at the respective states are 

shown in Table 6. The next step is to find the exergy output from the turbine 

and the exergy input due to the reactor and the pumps. The equations used for 

finding exergy outputs and exergy inputs are 

 

 ̇         ̇    [(     )     (     )] (35) 

 

 ̇     ̇    [(     )     (     )] (36) 

 

 ̇      ̇     [(     )        (     )] (37) 

 

 ̇         ̇  [(     )        (     )] (38) 

 

 Where T0 is the temperature inside the primary containment and Tsurr is 

the temperature of the surroundings. The reactor and reactant coolant pumps 

are inside the primary containment; hence, T0 must be used. The exergy values 

from equations (35), (36), (37), and (38) are then used in equation (28) to get 

the exergy efficiency. 

3.3. Fuel Cell Energy Source 

 An analysis was also conducted on the fuel cell energy sources. Their 

efficiency was found for the different types of fuel cell energy applications in 

order to have a better understanding of which type of fuel cell needed to be 

used in the system. The thermodynamic analysis of the fuel cell was done by 

finding certain essential parameters like the Gibb's energy of formation, 
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enthalpy of formation, and entropy of formation, and the physical and 

chemical exergies in the cell [127]. The various equations involved in finding 

these parameters are taken from the references mentioned below. 

 The most important reaction involved in the fuel cell is the basic 

reaction as shown below [128][129].  

 

       

               (               )                         

 

3.3.1. Energy Analysis 

 The energy efficiency of fuel cells can be found from the following 

equation [130]: 

 

        
  ̅ 

  ̅ 
 

 (39) 

  

 Where   ̅  is the Gibbs free energy change and   ̅  is enthalpy of 

formation change. Gibbs free energy is defined as energy that is available to 

do external work at a constant temperature and pressure [131]. All work that 

occurs due to changes in volume is neglected when considering the Gibbs free 

energy. The Gibbs function of thet system can be defined in terms of enthalpy 

and entropy by the following equation [132]: 

 

        (40) 

 

 Similarly, the molar Gibbs energy formation required in finding the 

energy efficiency can be found. In this case the change in energy is important 

and can be given as 

 

  ̅    ̅      ̅ (41) 
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 The value for the enthalpy of formation change,   ̅ , can be found by 

the difference between  ̅  of the products and  ̅  of the reactants. Thus, for the 

reaction    
 

 
      , we have 

 

  ̅  ( ̅ )   
 ( ̅ )  

 
 

 
( ̅ )  

 (42) 

 

 Similarly, the change in molar entropy,   ̅, can be found as the 

difference between  ̅ of the products and  ̅ of the reactants. 

 

  ̅  ( ̅)    ( ̅)   
 

 
( ̅)   (43) 

 

 The values for  ̅  and  ̅ vary with temperature as can be seen in the 

following equations shown below. These equations are standard equations 

which are derived using thermodynamic theory. The proof of these equations 

can be found in many engineering thermodynamics books such as [133]. The 

subscript of  ̅ and  ̅ in these equations is the temperature and   ̅ is the molar 

heat capacity at a constant pressure. The standard temperature used in this 

analysis is 298.15 K.  

 The molar enthalpy of formation at temperature T is given by 

 

 ̅   ̅       ∫   ̅
 

      
   (44) 

 

 And the molar entropy can be given as 

 

 ̅   ̅       ∫
 

 
   ̅

 

      
   (45) 

 

 The values for the molar enthalpy of formation and the molar entropy 

at a standard temperature of 298.15 K can be found from [134] and are given 

in Table 9 in the next chapter. Also the values of T for the different types of 

fuel cells are shown in Table 10. 
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 The molar heat capacity at constant pressure,   ̅, is not constant over a 

range of temperatures. The equations for finding   ̅ are obtainable and given 

in [135]. These equations are accurate to a value of 0.6% over the range of 

temperatures 300 K to 3500 K where the working temperature in the fuel cell 

is within this range. The equations are as shown below. 

 

 For steam, 

 

  ̅                 
                           , 

 

 For hydrogen, H2,  

 

  ̅                  
                              

 

 For Oxygen, O2, 

 

  ̅                  
                                 

 

 All these equations for   ̅ are in J/gmole K. They can be substituted 

after finding the values into the molar entropy and molar enthalpy of 

formation equations given above. In this way, the values for  ̅  and  ̅ for 

steam, hydrogen, and oxygen can be found and then substituted back into the 

change in molar Gibbs energy of formation,   ̅ . 

3.3.2. Exergy Analysis 

 The exergy efficiency for a cell system can be found as the ratio of the 

power output over the difference between the exergy of the reactants and the 

exergy of the products [136], [137] using the following formula: 

 

        
                       

(      )  (      ) 

 
 ̇     

(                   )  (             )
 

 (46) 
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 Where  ̇      is the electrical power output in kW 

and        ,      ,       ,       ,        are the total exergies of the reactants: 

air, hydrogen and carbon dioxide, and the products air and water, respectively.  

 The sub exergies of each component also need to be found. The total 

exergy of the reactants and the products can be determined through the 

following equations: 

 

          ̇      (         )      (47) 

 

         ̇     (         )    
 (48) 

 

         ̇      (         )     
 (49) 

 

          ̇      (         )      (50) 

 

          ̇      (         )     
 (51) 

 

 Where exph is the physical exergy in kJ/kg, exch is the chemical exergy 

in kJ/kg, and  ̇ is the mass flow rates of the reactants and products in kg/s. 

 Physical exergy is the work that is obtained when the substance in 

question is taken through a reversible process from the initial state (T, P) to 

the state of the surrounding environment (T0, P0), which is considered as the 

standard condition. Physical exergy is also known as thermomechanical 

exergy. The equation used for finding the physical exergy can be stated as 

 

     (    )     (    ) (52) 

 

 Where H is the standard enthalpy at temperature T in kJ/kg, H0 is the 

specific enthalpy at standard condition in kJ/kg, S is the entropy at temperature 

T in kJ/kgK, S0 is the specific entropy at standard temperature T0 in kJ/kgK, 

and T0 is the ambient standard temperature in K.  
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 The chemical exergy is the released exergy to the chemical 

composition of the system from the surrounding environment. The chemical 

exergy is the maximum possible work, which is obtained when the substance 

under consideration is brought from the environmental state to the dead state. 

The specific exergy can be found by the following equation [138]: 

 

     ∑(      
 )  (    ∑(       )) (53) 

 

 Where, xn is the molar fraction of the component, ech
n
 is the standard 

chemical exergy in kJ/kg, R is the gas constant in kJ/kgK, and T0 is the 

standard temperature taken as 298.15 K. 

 The mass flow rate values for the reactants and the products in the fuel 

cell can be found as the values for power output  ̇     , fuel voltage V, and the 

stoichiometry of the air, λ, which is known. The equation used for finding the 

mass flow rates are taken from [132].  

 To find the mass flow rate of the reactant air, the amount of oxygen 

used must be known. From the reactions involved in the fuel cell, as shown in 

Section 1.1.5 of this report, we can see that four electrons are transferred for 

every mole of oxygen. Also the molar mass of oxygen is 32 × 10
-3

 kg/mol. 

Therefore, oxygen usage can be evaluated from the following equation: 

 

 ̇   
         ̇     

         
           (

 ̇     

     
) (54) 

 

 Where F is Faraday's constant taken as 96485 J. The molar proportion 

of air that consists of oxygen can be taken as approximately 0.21, and the 

molar mass of air as 28.97 × 10
-3

 kg/mol. So the mass flow rate of reactant air 

and the inlet air can be found from the following equation: 

 

 ̇      
              ̇     

              
           (

   ̇     

     
) (55) 

 

 The air that is exiting from the fuel cell will be completely depleted of 

oxygen as oxygen reacts with hydrogen in the fuel cell. Then, the exit air flow 
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rate or mass flow rate of the air product will be the difference between the 

amount of air inlet flow rate and the amount of oxygen used, as shown below. 

 

 ̇             
   (

   ̇     

     
)            (

 ̇     

     
) (56) 

 

 The mass flow rate for the hydrogen usage can be found in a manner 

similar to that of oxygen, except it must be noted that there are two electrons 

from each mole of hydrogen. So the hydrogen usage can be calculated as 

 

 ̇     
           ̇     

         
           (

 ̇     

     
)  (57) 

 

 In a hydrogen-fed fuel cell, the end product is water, which is produced 

at a rate of one mole for every two electrons. The molar mass of water is 18.02 

× 10
-3

 kg/ mol. Then the water produced by the fuel cell is found from the 

equation below. 

 

 ̇      
            ̇     

         
           (

 ̇     

     
) (58) 

 

 In the case of a molten carbonate fuel cell (MCFC), carbon dioxide is 

added to the cathode along with the oxidizer as required to produce carbonate 

ions. Then, the carbon dioxide mass flow rate can be found from 

 

 ̇      
            ̇     

         
           (

 ̇     

     
) (59) 

 

 If the system is reversible, i.e., there are no losses, then the electrical 

work being done will be equal to the Gibbs free energy released,   ̅ . Thus, in 

order to find the EMF or the reversible open circuit voltage of a hydrogen fuel 

cell, the following equation can be used.  

 

  
    ̅ 

   
 (60) 
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 Table 6 gives gives the molar enthalpy of formation, molar entropy, 

and standard chemical exergy of hydrogen, oxygen, steam, and carbon dioxide 

at a standard temperature of 298.15 K. 

Table 6: Values of  ̅ ,  ̅ and Standard Chemical Exergy,     for the Hydrogen Fuel Cell 

Substance 
Enthalpy of formation, 

 ̅  (J/ mol) 

Molar Entropy, 

 ̅ (J/ mol.K) 

Standard 

chemical exergy, 

ech (J/ kg) 

H2O (Steam) -241827 188.83 50550 

H2 0 130.59 118050000 

O2 0 205.14 124000 

CO2 -393500 213.8 454545 

 

 Table 7 gives the input data required for the analysis of the fuel cells. 

Table 7: Input Data for Fuel Cell 

Section Values 

General Data 

Standard pressure (P0), MPa 0.1 

Solid Oxide Fuel Cell (SOFC) 

Operating temperature (T), K 1253 

Electric power output ( ̇     ), kW 200 

Voltage (V), V 480 

Molten Carbonate Fuel Cell (MCFC) 

Operating temperature (T), K 923 

Electric power output ( ̇     ), kW 2800 

Voltage (V), V 13800 

Phosphoric Acid Fuel Cell (PAFC) 

Operating temperature (T), K 473 

Electric power output ( ̇     ), kW 400 

Voltage (V), V 480 
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Chapter 4: Results And Discussion 

4.1. Solar Energy Sources 

4.1.1. Energy Analysis 

 Energy analyses were conducted on the solar collectors and the solar 

concentrators to obtain the energy efficiency values for each average and 

maximum radiation value. The solar collectors were analysed for comparative 

purposes, so that a better understanding of the solar concentrators could be 

achieved. Graphs were then plotted to show the efficiency variation occurring 

annually.  

 

Figure 30: Average Energy Efficiency Occurring Annually 

 Figure 30 is a graph showing the variation in average energy 

efficiencies happening throughout a year. As can be seen, the parabolic trough 

concentrator shows a better result throughout the year. Efficiencies between 

68% - 74% were achieved for parabolic trough concentrators with the highest 

being 73.29%, occurring in the month of May. The unglazed flat plate and the 

parabolic dish concentrator showed slight irregularities as seen in the graph. 

This is due to the effect of average wind speed, u, which is considered only in 
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the unglazed flat plate. In the case of the parabolic dish, the factor that could 

cause such variations in energy efficiency is the radiative heat transfer 

coefficient, hr,r-a, which varies depending on the solar irradiance values. 

 

Figure 31: Maximum Energy Efficiency Occurring Annually 

 Figure 31 shows the maximum energy efficiency variations occurring 

in each month. The parabolic dish concentrator does show a slight peak in 

efficiency values between 75% - 81%. The highest maximum energy 

efficiency for the parabolic dish was found to be 80.47% in May. As for the 

parabolic trough concentrator, the maximum energy efficiencies were near 

75% throughout the year, with slight variations. 

4.1.2. Exergy Analysis 

 In order to conduct a qualitative analysis on the solar collectors and 

solar concentrators, and to get a better understanding of the system‘s thermal 

capabilities in terms of work, it is essential to perform an exergy analysis. As 

in energy analysis, the main motive is to find the exergy efficiency value for 

each average and maximum radiation value. Graphs were plotted using these 

results as shown below. 

0

10

20

30

40

50

60

70

80

90

Glazed Flat Plate

Unglazed Flat Plate

Tubular

Parabolic Trough Concentrator

Parabolic Dish Concentrator Efficiency

Solar Fresnel Collector Efficiency

M
ax

im
u

m
 E

n
er

gy
 E

ff
ic

ie
n

cy
  



 

100 
 

 

Figure 32: Average Exergy Efficiencies Occurring Annually 

 Figure 32 shows the variation in average exergy efficiencies occurring 

throughout a year. As can be seen, the unglazed flat plate shows the highest 

exergy values compared to other solar collectors and concentrators. The 

reason for this is there is no glazing in an unglazed plate, which in turn causes 

less destruction to occur. Unlike other collectors which have glazings, exergy 

destruction between exergy absorbed by glazing and incident exergy from the 

sun does not occur. Neither is there exergy destruction occurring between the 

exergy absorbed by glazing and exergy absorbed by the absorber plate. Hence, 

better exergy efficiency values occur for the unglazed flat plate. The parabolic 

trough concentrator shows the next better result throughout the year. 

Efficiencies between 26% - 62% were achieved for the parabolic trough 

concentrator with the highest being 61.26%, occurring in the month of 

December. In the case of the parabolic dish, though there is a high exergy 

efficiency occurring in December with a value of 44.23%, for rest of the 

period, the values show a sharp decline with the exergy efficiency value going 

as low as 10% as seen during the months of May to July, which is the lowest 

value found while conducting the analysis. 
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Figure 33: Maximum Exergy Efficiencies Occurring Annually 

 Figure 33 shows thet maximum exergy efficiency variations occurring 

in each month. As can be seen, the unglazed flat plate again shows the highest 

exergy values compared to the other solar collectors and concentrators due to 

the reasons mentioned before. The parabolic dish concentrator does show a 

slight peak in exergy efficiency values during starting and ending of the year 

but goes as low as 2.91% as seen in June. The highest maximum exergy 

efficiency for the parabolic dish was found to be 7.03% in the month of 

January. As for the parabolic trough concentrator, the maximum exergy 

efficiencies varied between 5% - 8%. 

 From the results shown in the average and maximum energy and 

exergy efficiency graphs, it was decided to take the parabolic trough collector 

for further analysis in finding the overall efficiencies of the system as they 

proved to be more reliable and showed better performance as compared to the 

other solar concentrators. Figure 34 shows the average energy and exergy 

efficiency variations of the parabolic trough concentrator in each month. 

Figure 35 show the maximum energy and exergy efficiency variation in each 

month. 
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Figure 34: Average Energy and Exergy Efficiencies of the Parabolic Trough Concentrator Each Month 

 

 

Figure 35: Maximum Energy and Exergy Efficiencies of the Parabolic Trough Concentrator in Each Month 
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4.2. Nuclear Energy Source 

 An energy and exergy analysis was conducted on the nuclear reactor 

and its Rankine cycle. The required input and output values of the system were 

found using the equations given in Section 3.2. The exergy analyses were 

conducted using the values of enthalpy and entropy. Given below are the 

thermodynamic properties found at each state of the system. 

Table 8: Thermodynamic Properties at Each State 

State 
Temperature, T 

(°C) 

Pressure, P 

(kPa) 

Enthalpy, h 

(kJ/kg) 

Entropy, s 

(kJ/kg-K) 

1 36.41 6.08 152.5 0.524 

2 47.78 6900 206.013 0.6718 

3 285 6900 2774 5.821 

4 36.41 6.08 2437.74 7.906 

5 285.9 7000 1279.14 3.121 

6 290.6 15.5 1287 3.136 

7 323.9 15500 1476 3.462 

 

4.2.1. Energy Analysis 

 The energy efficiency was found using equation (26). The net power 

plant output (Ẇnet) and the reactor thermal output or the heat input ( ̇  ) were 

found from equation (27). The energy efficiency (ηeffiiency) values are shown in 

Table 7. 

Table 9: Energy Analysis Results 

Parameters Values 

Net Power Plant output, Ẇnet (kW) 1400 

Reactor Thermal output,  ̇  , (kW) 3967.3 

Energy Efficiency, ηeffiiency, (%) 35.28 

 

4.2.2. Exergy Analysis 

 The exergy input values of the reactor, reactant coolant pumps, feed 

water pumps, as well as the exergy output value of the turbine can be found 

using equations (35), (36), (37) and (38). The final exergy efficiency value is 

found using equation (28). 
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Table 10: Exergy Analysis Results 

Parameters Values 

Turbine Exergy,  ̇        (kW) 1082871.5 

Feed Water Pump Exergy,  ̇     (kW) 11062.85 

Reactor Exergy,  ̇        (kW) 1118325.33 

Reactant Coolant Pump Exergy,  ̇    (kW) 33901.52 

Exergy Efficiency,         (%) 93.09 

 

 As seen from the results, energy efficiency has a value of 35.28 %. Out 

of this, the actual useful energy or the exergy is 93.1%. This means the 

remaining 6.9% of the energy is destroyed. The exergy destroyed is also called 

anergy [125]. The exergy destroyed is of the entire cycle and its components.  

4.3. Fuel Cell Energy Source  

Table 11: Results for Fuel Cell 

 

Solid Oxide 

Fuel Cell 

(SOFC) 

Molten 

Carbonate Fuel 

Cell (MCFC) 

Phosphorous 

Acid Fuel Cell 

(PAFC) 

Enthalpy of formation,   ̅  

(kJ/mol) 
-249237.45 -247311.48 -243568.37 

Gibbs free energy,   ̅ , 

(kJ/mol) 
-178568.25 -196924.91 -220426.85 

Exergy of reactant air, 

       (kW) 
83.05 563.63 20.43 

Exergy of reactant 

hydrogen,       (kW) 
457.30 5112.35 565.43 

Exergy of product air, 

      , (kW) 
6.05 55.18 4.81 

Exergy of product water, 

         (kW) 
54.41 417.32 25.23 

Exergy of reactant carbon 

dioxide,        (kW) 
0 292 0 

EMF, V (V) 0.93 1.02 1.15 

Energy efficiency, ηenergy 

(%) 
62.47 68.89 77.12 

Exergy efficiency, ηexergy 

(%) 
41.68 50.95 71.96 

 

 In Chapter 3, the equations used in finding the thermodynamic analysis 

of a fuel cell were shown. The parameters required in the analysis of energy 

and exergy efficiencies were given in Table 5 and Table 6. Using those values, 

the results for the ideal EMF, ideal energy, and ideal exergy efficiencies were 

found as shown in the table above. These results found are for the ideal case 
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when the fuel hydrogen added is completely utilised in the reaction. But in 

reality this is not possible. The different types of fuel cells used have different 

fuel utilisations. Hence, a study conducted in Section 4.4.2 will give an idea of 

the fuel cell behaviour with respect to its fuel utilisation.  

 From the analysis conducted here and the parametric study done in the 

later section, a conclusion was reached to analyze overal efficiency of the 

molten carbonate fuel cell. The reasons for choosing the molten carbonate fuel 

cell are as stated below: 

a) From the results, it can be seen that for ideal conditions, phosphoric 

acid fuel cells (PAFCs) have higher energy and exergy efficiency than 

MCFCs, but in actual conditions, this is not possible. The MCFC 

operates at a much higher temperature. At a higher temperature, the 

theoretical voltage for the fuel cell decreases as seen in Table 11 and 

with it the maximum theoretical fuel efficiency decreases too. Contrary 

to this, an increase in operating temperatures increases the 

electrochemical reactions and thus the current at a particular voltage. 

The net effect of this is that the real operating voltage in MCFCs is 

higher than the voltage in PAFCs at the same current density, where 

current density means current that is available per area. Hence, due to 

high operating voltages in MCFCs, more power is available at higher 

fuel efficiencies than in PAFCs for the same electrode area. 

b) MCFCs do not require any expensive electrodes, unlike PAFCs which 

require a platinum catalyst. Also, in MCFCs the area required is less 

due to the reason mentioned. This makes MCFCs more favorable than 

PAFCs in terms of cost. 

c) Another benefit of the high operating temperature in MCFCs is that it 

is possible to use fossil fuels like natural gas. The natural gas gets 

reformed to produce hydrogen which is then utilised in the fuel cell. In 

this way, when hydrogen is deficient, fossil fuels can be used. The 

efficiency of MCFCs is higher than than that of conventional power 

generation methods, which is another benefit of utilising these fossil 

fuels. 

d)  Unlike any other fuel cells currently available, MCFCs require the 

need of carbon dioxide. At high temperatures, the electrolyte used 



 

106 
 

forms a highly conductive molten salt, along with carbonate ions    
   

which are used for reaction in the anode. But after some time, the 

electrolyte‘s capability to produce the required ions decreases. Hence, 

carbon dioxide is provided through the cathode along with the oxidiser. 

In this way, the power produced by fuel cells further reduces carbon 

dioxide present in the surroundings. After reaction with the anode, 

excess carbon dioxide is formed which is again captured to use back in 

the cathode. Also, due to this reason, MCFCs are not prone to 

poisoning. 

e) Due to the fuel cell‘s high operating temperatures, a large amount of 

waste heat is produced inside  it. This heat could be captured and 

reused in a steam turbine to further increase efficiency. This approach 

could potentially increase the efficiency of the molten carbonate fuel 

cell up to 85%.  

4.4.  Hydrogen Production Processes 

 The results found in this study confirmed the results from the literature 

review. The analyses in the journal articles were done using the general energy 

and exergy equation which is the output divided by the input. The analysis 

here was conducted either by-hand or by using softwares such as Aspen Plus. 

4.4.1. Sulfur-Iodine (S-I) Cycle 

 A new process was discovered for the production of hydrogen by 

decomposing sulfuric acid (H2SO4). The process is carried out adiabatically at 

a maximum pressure of 1.2 MPa. A general flow sheet for the process is 

shown in [50]. The different subsections are shown to consist of a sulfuric acid 

concentration subsection, acid evaporation and SO3 production subsection, and 

SO3 decomposition section. The energy that is involved in the reaction is 

found to be 278.643 kJ/mol SO2 and total thermal energy supplied to the 

process was found to be 366.747 kJ/mol SO2. Therefore, the energy efficiency 

is calculated to be 76%. The exergy in the reaction is found to be 193.653 

kJ/mol SO2. The net exergy supplied to the process was determined to be 

256.015 kJ/mol SO2. Hence, the exergy efficiency was found to be 75.6%. 

4.4.2. Magnesium-Chlorine (Mg-Cl) Cycle 

 The magnesium-chlorine cycle works on a low operating temperature 

process similar to that of the copper-chlorine cycle. The schematic diagram for 
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this cycle is shown in Figure 24. An analysis was conducted on individual 

steps involved in the cycle in [51]. Graphs were plotted to show the change in 

the exergy rate with variations in reaction temperature for each step in the 

cycle. Also, as a parametric study, the change in energy and exergy efficiency 

was calculated for each variation in the reference temperature,  as shown in the 

figure below.  

 

Figure 36: Variation of the Energy and Exergy Efficiencies with the Reference Environment 

Temperature (Modified from [51]). 

 As can be seen in Figure 35, the energy efficiency shows nearly no 

change with the change in reference temperature. But the exergy efficiency 

shows a variation from 36.11% to 34.86% with a change in reference 

temperature from -15°C to 25°C. Hence, at a standard reference temperature 

of 25°C, we can say that the energy and exergy efficiencies are 63.63% and 

34.86%, respectively. 

4.4.3. Copper-Chlorine (Cu-Cl) cycle 

 The copper-chlorine cycle is now a widely-researched cycle due to its 

many merits as mentioned in Section 1.1.6.3. The cycle utilized is the four-

step method integrated with a Kalina cycle. Heat exchangers are also used to 

recover the heat coming out from the Cu-Cl for maximizing the efficiencies. 

In this way, energy and exergy efficiency graphs were plotted for the ―without 

heat recovery system‖, ―with heat recovery system,‖ and with the integration 

with the Kalina cycle as shown below [139]. 
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Figure 37: Effect of the Electrolyzer Temperature on the Energy Efficiencies (Modified from 

[139]). 

 

Figure 38: Effect of the Electrolyzer Temperature on the Exergy Efficiencies (Modified from 

[139]). 

 As can be seen in the above figures, the energy and exergy efficiencies 

vary quite differently for different electrolyzer temperatures. The electrolyzer 

temperature is the temperature that determines the amount of energy carried 

by the hydrogen and other products leaving the electrolyzer. As shown in 

Figure 36, the energy efficiency of the system without heat recovery, with heat 
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recovery, and with integration was found to vary from 46.94% to 43.68%, 

53.35% to 49.19%, and 59.15% to 49.02%, respectively. As shown in Figure 

37, the exergy efficiency of the system without heat recovery, with heat 

recovery, and with integration was found to vary from 65.97% to 52.31%, 

70.91% to 60.49%, and 80.11% to 62.37%, respectively. Hence, from this 

study, it is shown that the optimum operating temperature for the electrolyzer 

should be 328.6 K because at this temperature energy and exergy efficiencies 

of the overall system are obtained as 66.92% and 72.06%. 

4.4.4. Summary 

 From the study conducted on the different hydrogen production 

processes, the energy and exergy values for the thermochemical cycles were 

found. Figure 39 shows a comparison of these values. 

 

Figure 39: Efficiency Comparison for Cu-Cl, S-I, and Mg-Cl Cycles 

 As can be seen in the above figure, the sulfur-iodine cycle shows a 

very good result for energy and exergy efficiencies. The copper-chlorine cycle 

shows the next best cycle, followed by the magnesium-chlorine cycle. For the 

above-proposed model, sulfur-iodine could be used for hydrogen production. 

But a disadvantage of this cycle is its high operating temperature of 850°C. 

The maximum temperature reached in the nuclear reactor is around 330°C and 

the rest must be achieved with help of the solar energy source. If this high 

temperature is reached by combined efforts of the integrated system, sulfur-
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iodine could be used, otherwise the copper-chlorine cycle can be considered 

for hydrogen production due to its lower operating temperatures between 

400°C and 550 °C, which are achievable.  

4.5. Parametric Study 

 In addition to the analyses conducted on the individual components of 

the proposed system, a parametric analysis is helpful in having a better 

understanding of the system components. 

 The objective of this parametric study is to vary certain parameters in 

certain components of the system and see how the system components are 

influenced by the change in parameters. 

4.5.1. Solar Energy Source 

 For the solar energy source analysis, a parabolic trough concentrator 

was used due to its high energy efficiency and reliable exergy efficiency 

values. The parameters on which the energy and exergy efficiency values 

depend, and those parameters which can be varied depending on the user 

input, are used for the parametric study. The parameters used for varying in 

this case are the inlet temperatures, outlet temperatures, ambient temperatures, 

and the mass flow rate.  

 For this study, the analysis was conducted for the month of May when 

the average irradiance value is 290 W/m
2
. Inlet temperatures, outlet 

temperatures, and ambient temperatures were varied to see their influence on 

the energy and exergy efficiency values of the parabolic trough concentrator. 

When the mass flow rate is varied, only the exergy efficiency value changes as 

the energy efficiency values are not dependent on the mass flow rate.  

4.5.1.1. Inlet Temperature Variations 

 The inlet temperature used in the previous analysis was taken as 290°C 

as shown in Table 4. This temperature was varied to see its influence on the 

energy and exergy efficiencies. The figures shown below show the values of 

energy and exergy efficiencies at different inlet temperatures. 
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Figure 40: Energy Efficiency Variation with respect to the different Inlet Temperatures 

 

Figure 41: Exergy Efficiency Variation with respect to the different Inlet Temperatures 

 As can be seen from the above figures, when the inlet temperatures are 

increased, the energy and exergy efficiency values decrease. Hence, keeping 

the inlet temperatures low is beneficial to the system‘s performance.  

4.5.1.2. Outlet Temperature Variations 

 The outlet temperature used for the previous analysis was 391°C as 

shown in Table 4. The outlet temperatures were varied between the ranges of 

291°C to 391°C to see their effect on the performance. 
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Figure 42: Energy efficiency variation with respect to the different outlet temperatures. 

 

Figure 43: Exergy efficiency variation with respect to the different outlet temperatures. 

 From the above graphs, it can be seen that as the outlet temperatures 

are increased, energy efficiency values show the same results as when the inlet 

temperature was varied, (i.e., the energy efficiency decreased in the same 

manner). The reason for this is because the energy efficiency depends on the 

average temperature values as seen in equation (10). But increasing the outlet 

temperatures showed variation in exergy efficiency values opposite to that 
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increased with an increase in outlet temperature). Hence, increasing the outlet 

temperature showed better performance for the system.  

 It must be noted that the fluid flowing through the absorber tube in the 

parabolic trough, Therminol VP-1, has temperature ranges between 12°C and 

400°C. Hence, increasing the outlet temperature more than the current value 

391°C, could result in boiling, which is not good for the system. Hence, the 

system inlet temperature value should be maintained so as not to cause 

freezing or boiling of the working fluid. 

4.5.1.3. Ambient Temperature Variations. 

 The ambient temperature for the month of May was found to be 35°C. 

Even though the ambient temperatures cannot be controlled, a study of their 

influence on the system is essential. The ambient temperatures in the study 

varied from 25°C to 50°C. 

 

Figure 44: Energy efficiency variation with respect to ambient temperatures. 

 As can be seen from these figures, an increase in ambient temperatures 

benefits the system‘s performance as the energy efficiency increases with an 

increase in the ambient temperatures. However, the exergy efficiency value 

decreases with an increase in ambient temperatures. This is because with an 

increase in ambient temperatures, the exergy gain decreases as seen in 

equation (22). The decrease in exergy gain thus leads to a decrease in exergy 

values. 

73.1

73.15

73.2

73.25

73.3

73.35

73.4

73.45

25 30 35 40 45 50

Energy Efficiency, %

Ambient Temperature, °C 

En
e

rg
y 

Ef
fi

ci
e

n
cy

, %
  



 

114 
 

 

Figure 45: Exergy efficiency variation with respect to ambient temperatures. 

4.5.1.4. Mass flow rate variation 

 As mentioned before, variation in mass flow rates affects only the 

exergy efficiency values, as seen in equation (22). The mass flow rate values 

were increased from 0.35 kg/s to 0.65 kg/s to see their influence on the exergy 

values. As seen in the figure below, exergy efficiency values increase with 

respect to increment in the mass flow rate values. Hence, increasing mass flow 

rate could be useful in increasing the performance of the system. 

 

Figure 46: Exergy efficiency variation with respect to mass flow rate. 
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4.5.2. Fuel Cell Energy Source 

 

 

Figure 47: Energy Efficiency variation of fuel cell with respect to fuel utilisation. 

 

 

Figure 48: Exergy Efficiency variation of fuel cell with respect to fuel utilisation. 

 Fuel cell analyses were conducted before and the results were found as 

shown in Section 4.3. These results found are for an ideal case where the fuel 
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Hence, a parametric study needs to be conducted to know the behaviour of the 

fuel cell. This can be done by multiplying the energy and exergy efficiency by 

a fuel utilisation factor ranging between 0 and 1, where value 1 means 100% 

complete utilisation of hydrogen. 

 The figures depicted above show the variation of energy and exergy 

efficiencies with the usage of hydrogen fuel. As can be seen from these 

figures, with more fuel utilisation, a better efficiency is achievable.  
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Chapter 5: Conclusions 

 This thesis provides insight into demands in power being faced in the 

UAE. A conceptual design was taken into consideration and studies conducted 

made on the individual components of the system. A detailed explanation of 

this system was given and its functionality was provided in a smart grid 

system. The thermodynamic analysis based on energy and exergy of 

individual components in the system were carried out in this thesis. Also 

conducted were analyses for parametric studies to examine the effect of 

operating parameters on the performance of the individual system. 

 The analyses conducted in this research required a minimum of 

available data that was taken from specification sheets of the respective 

technologies. The equations that were used for the analysis were taken from 

well-reputed text books and journal articles. From the analysis, it was 

concluded that the design presented in this research could be a potential 

solution for future power generation in the.UAE. 

 The thermodynamic analysis reported in this thesis have allowed for 

several main conclusions to be drawn: 

i. Energy efficiencies between 68% and 74% can be achieved for 

parabolic trough concentrators using average irradiance values, the 

highest being 73.29% occurring in the month of May. 

ii. Using maximum irradiance values, energy efficiencies reached near 

75% throughout the year for parabolic trough concentrators with slight 

variations. 

iii. Exergy efficiencies between 26% and 62% were achieved for parabolic 

trough concentrators using average irradiance values, the highest being 

61.26% occurring in the month of December. 

iv. Using maximum irradiance values, exergy efficiencies varied between 

5% and 8% for the parabolic trough concentrator. 

v. Energy and exergy efficiencies for parabolic trough concentrators 

showed a decrease in values for every increase in the inlet temperature. 

vi. Energy efficiency for parabolic trough concentrators showed a 

decrease in values with an increase in the outlet temperatures, though 

this is accompanied by an increase in exergy efficiency. 
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vii. For an increase in ambient temperatures for the parabolic trough 

concentrators, the energy efficiencies increase but the exergy 

efficiencies decrease.  

viii. For parabolic trough concentrators, an increase in mass flow rates 

results in an increase in exergy efficiency values. 

ix. From the above conclusions, it can be said that decreasing the 

temperature difference in the parabolic trough concentrator and 

increasing mass flow rates could result in an increase of both energy 

and exergy efficiencies in parabolic trough concentrators. 

x. The energy and exergy efficiencies for the nuclear energy source were 

found to be 35.28% and 93.09%, respectively. A possible way to 

increase these thermodynamic efficiencies would be to increase the 

pumps and turbine efficiencies and decrease heat losses in pipes using 

insulation. 

xi. The energy efficiencies for the fuel cells were found to be 62.47%, 

68.89% and 77.12% and exergy efficiencies for the fuel cells were 

found to be 41.68%, 50.95% and 71.96% respectively for the SOFC, 

MCFC and PAFC. These were the results found for complete fuel 

utilisation.  

xii. With less fuel utilisation inside the fuel cells, the thermodynamic 

efficiencies tend to decrease.  

xiii. Capturing heat after reaction in the MCFC and SOFC could lead to a 

further increase in the efficiencies. 

xiv. Studies conducted on hydrogen production processes show the Cu-Cl 

cycle to be the better option for producing hydrogen due to their high 

efficiencies and low temperatures. 

xv. An increase in the electrolyzer temperatures for the hydrogen 

production process shows a decrease in the energy and exergy 

efficiencies. 

xvi. Underground storage methods like storing hydrogen in salt caverns or 

in depleted oil and gas reservoirs proved to be an option for large-scale 

storage compared to other methods.  

xvii. Depleted oil and gas reservoirs could provide a natural cushion gas and 

hence is beneficial for hydrogen storage in the UAE.  
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CHAPTER 6: RECOMMENDATIONS FOR FUTURE WORK 

 Several suggestions are made here to improve the efficiency of the 

overall system and for future research. These recommendations could also 

help eliminate uncertainties and thereby provide for better performance of a 

realistic plant layout on a commercial scale. Some suggestions that could 

further improve the system are presented below. 

i. Research conducted here was on theoretical approach and the results 

shown were quite attractive. But experimental results are needed to test 

the claims mentioned above. 

ii. It would be useful to perform more research on the materials and 

equipments employed in order to take factors into account such as cost 

analysis and affordability. 

iii. The best site for setting up the thermochemical hydrogen production 

process must be taken into account so as to keep a safe distance from 

the nuclear power plant and be closer to the depleted oil and gas 

reservoirs. In this way, after hydrogen is produced, storage could be 

done more easily. This would also reduce costs such as the cost of the 

pipeline involved between the individual stages. 

iv. Thermal storage options such as molten salt could be employed for 

storing heat from the solar energy source. In this way, a 24/7 

functioning of the solar power plant would be possible. 

v. More research on smart grid distribution needs to be done, especially 

on the energy conditioning and control stage of the proposed system. It 

needs to take into account the start up-time required for the molten 

carbonate fuel cells and judge the demand in power peak early on.  

vi. Gas turbines are now introduced which function on hydrogen as fuel. 

They could provide a replacement to the expensive fuel cells but have 

lower efficiencies. 

vii. Another option would be to utilise the waste heat from the fuel cells in 

a micro combined heat and power cycle or coupled to a gas turbine to 

increase the efficiencies.  
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