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Abstract
This thesis develops and analyzes four hydrogen production integrated energy systems,
where hydrogen is produced via hybrid electrical and thermochemical water decomposition
cycle, based on the chemical couple Cu-Cl. The first system consists of coal gasifier,
membrane shift reactor, hydrogen fueled combined cycle, cryogenic air separation unit,
compression system and five-step Cu-Cl cycle. The second system consists of SCWR,
hydrogen fueled combined cycle, compression system and five-step Cu-Cl cycle. The third
system consists of solar heliostat steam generator, Rankine cycle, compression system and
five-step Cu-Cl cycle. The fourth system consists of SCWR, four-step Cu-Cl cycle,
Rankine cycle and compression system. Modeling the developed systems is carried out
using Aspen Plus, Aspen Hysys, and EES. The systems are assessed thermodynamically
based on the energy and exergy efficiencies. The results show that the integration of nuclear
reactor SCWR with the four-step copper and chlorine cycle is a promising integration in
terms of energy and exergy efficiencies.
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Chapter 1: Introduction
The world fossil fuels reserves have been depleted increasingly over the past several
decades, forcing humanity to find alternative sources to meet the continuously rising
demands for energy. Recent reports by the International Energy Agency have predicted a
50% increase in global energy demand of by 2030 [1]. The concerns about the finite nature
of fossil fuels have resulted in extensive research and development on alternative sources
of energy as well as on how to more efficiently use currently available fossil fuels and to
look for other energy sources that are either renewable or non-carbon fuels.
1.1 Energy and Environmental Issues
Many methods are used today to increase the efficiency of energy production from fossil
fuels. One of these methods is to continually run power plants at a constant rate and at full
capacity; another approach is the integration of power systems. Running power plants at
full capacity is not practical due to the fluctuating nature of energy demands during night
and day, summer and winter. However, the successful use of energy storage systems can
make that possible. Hydrogen has the advantage of being both an energy storage medium
and an energy carrier (a clean energy carrier if produced from clean energy sources) [1],
meaning that running power plants at full capacity and storing the excess energy in
hydrogen will result in more efficient use of the available fossil fuels. Muradov and
Veziroglu [2] analyzed the main methods for hydrogen production from fossil fuels as a
green path for fossil-based hydrogen production.

One of these methods is water

electrolysis, while another promising hydrogen production process is the Cu-Cl cycle. An
advantage of the thermochemical hydrogen production cycle is that it directly produces
hydrogen from heat without the intermediate step of heat to electricity, which is vital for
water electrolysis. Many processes can produce hydrogen from fossil fuels, such as: (a)
coal gasification; (b) steam methane reforming; and (c) biomass gasification. As one of the
most abundant fossil fuels, coal, plays a significant role in power production worldwide.
Coal gasification is often coupled with power producing combined cycles. Currently, 18%
of the hydrogen produced worldwide is from coal [3].

1

Due to its clean and renewable nature, solar energy has received a great deal of
attention, especially in terms of research and development. Many countries plan to increase
the percentage share of solar energy in the total energy supply mix, while many others
consider solar energy to be one of the promising energy sources for replacing fossil fuels
in the future [4–8]. There are many methods and technologies for utilizing solar energy.
Solar energy can be utilized through photovoltaic for providing direct electrical power or
by using solar concentrators for producing thermal energy (e.g., in the form of superheated
steam). Recently, research has been undertaken on hybrid energy systems that produce
thermal and electrical energy from solar energy. Despite solar energy’s advantages, it has
a varying and intermittent nature. Solar energy levels change during the day and vary
throughout the year due to seasonal effects, often resulting in low plant capacity. One way
of increasing the practicality of a solar energy systems is to integrate them with energy
storage systems, to provide energy when sunlight is not available. Solar energy can be
stored by using different energy storage technologies, with the main energy storage
categories being thermal, electrical and chemical. An example of a chemical energy storage
medium is hydrogen, which has the advantage of being both an energy storage medium
and an energy carrier [1]. Hydrogen also has a very high specific energy (energy per unit
mass). There are two main paths for producing hydrogen from solar energy: electrolysis or
a thermochemical water decomposition cycle or a hybrid combination of both technologies.
Renewables, 7
Nuclear, 2
Biomass, 13

Fossil fuels, 78

Figure 1.1 The sources of energy consumption in the world in percentage (data from [1]).
2

For hydrogen production by electrolysis, photovoltaic (PV) solar panels can be used for
the direct conversion of solar energy into electrical energy, which is used by an electrolyzer
to decompose water into hydrogen and oxygen. Boggs and Botte [9] reported that water
electrolysis requires 33.0 Wh per gram of hydrogen produced, for hydrogen product with
conditions at atmospheric pressure. For thermochemical water-decomposition cycles, the
chemicals involved are continuously recycled (ideally). Thermochemical water
decomposition cycles are viewed as catalysts for water decomposition reaction. The only
material outputs from the decomposition cycle are hydrogen and oxygen, which means that
the cycle is a carbon-free cycle [10,11].
Regarding non-renewable and non-carbon based fuel options, nuclear energy is one
of the main candidates for this category. Nuclear power production is one of the latest
power production technologies. Furthermore, nuclear energy is one of the ideal solutions
for power production or for hydrogen production. Hydrogen production from non-carbon
based fuels avoids carbon-based emissions. A large percentage of hydrogen found on earth
is in the form of water, so water decomposition to produce hydrogen using a non-carbon
emitting process can be advantageous for reducing carbon emissions if the energy source
is carbon-free energy source.
1.2 Motivation
The effects of global warming on the environment, greatly impact the humans, animals and
plants’ lives, and with continuous increase in carbon emissions, the motivation is to find
an energy solution for these problems in an environmentally benign manner. Therefore,
hydrogen, as a clean energy carrier (if produced from a clean energy source), has become
the main theme of this research. The energy systems developed and analyzed in this
research should be efficient, environmental friendly and able to meet the energy demands
of today as well as the future. This research will be one step to a future where no energy
losses are caused due to demand and supply mismatch. The importance of the availability
of the energy sources derived this thesis research into considering wide variety of energy
sources from different energy sources families.
An important point to be mentioned in the motivation section is that this work is
done as a part of bigger project [12–22] aiming to develop and commercialize the water
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splitting Cu-Cl cycle. This thesis will provide an early overview of the great potential of
the Cu-Cl cycle.
1.3 Objectives
Most of the research in the literature about the Cu-Cl cycle do not consider the method of
delivering thermal energy to Cu-Cl cycle reactors and with minor focus on integrating the
Cu-Cl cycle with other systems. However, the method of delivering thermal energy to cycle
reactors is of a vital importance since the heat transfer depends on the temperatures of the
reactors and the heating fluid temperature. Thus, this study presents a detailed analysis of
the Cu-Cl cycle and the system that will deliver thermal energy to the Cu-Cl cycle. The
proposed systems are analyzed thermodynamically and simulated in Aspen Plus process
simulation software.
The specific objectives of this research are listed as follows:


To propose four different designs of hydrogen and power production integrated
systems. These four conceptual designs produce high purity hydrogen for possible
use in fuel cells. The main components of these four systems are: thermal energy
source, a hydrogen production system, a hydrogen preparation system and required
supporting systems.



To propose different methods for delivering thermal energy to the Cu-Cl cycle
reactors. One system combusts part of the hydrogen produced to produce the
system’s overall required power. Another system does not use any of the produced
hydrogen or what is related to the Cu-Cl cycle. Another system recovers part of the
Cu-Cl cycle remaining thermal energy.



To model the four proposed conceptual designs using process simulation software,
Aspen Plus and Aspen Hysys. Some systems are modeled through mathematical
models that are solved using Engineering Equation Solver (EES).



To validate the results of the developed models for the subsystems of the systems
with published data. All assumptions made through the modeling of the systems
are validated with what is published in the literature.
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To perform energy and exergy analyses on the proposed integrated systems
through: performing a detailed energy and exergy analyses for each of the
developed systems; calculating the energy and exergy efficiencies of each
component in each system, plus overall results; determining the exergy destruction
rates and ratios of all components in the proposed conceptual designs and the
operational CO2 emission rate.



To present the performance assessment of the different systems in terms of energy
and exergy efficiencies. The energy and exergy efficiencies of the systems is
calculated for each component of the system and the overall performance measures.



To perform a number of parametric studies on the systems, in order to check the
variation of the energy and exergy efficiencies of the systems with the variation of
ambient temperature and power production rates.



The energy sources used for the developed systems consider sources from different
energy groups (fossil fuels, renewable sources and advanced future groups).
In this thesis, multiple engineering simulation software are used to develop, model

and simulate the proposed integrated systems namely: Aspen Plus, Aspen Hysys and
Engineering Equation Solver (EES). The designs proposed in this thesis are realistic and
applicable to designs available in the literature.
Hydrogen and power production plants must contain the following subsystems (see
Figure 1.2): a heat or electricity generation system (based on the type of fuel used); from a
heat or electricity to hydrogen production system; hydrogen preparation system; and other
systems necessary to complete the plant.
The first step in developing the conceptual system for hydrogen production plant is
to select the best possible combinations (based on developed criteria) of the required
subsystems. After the four conceptual systems are proposed, Chapter 4 will analyze these
concepts, through both energy and exergy analyses. Figure 1.2 shows the main subsystems
and their interactions in hydrogen production plants. A hydrogen production plant has its
principal functions of producing hydrogen and, to achieve the plant’s main functions, each
subsystem must achieve its duties. The subsystems making the hydrogen production plant
are selected based on specific developed criteria from the literature. An important
5

requirement of the hydrogen produced by the hydrogen production plant is to produce high
purity hydrogen that is ready to be stored, exported, filled into the H2 fueled vehicles fuel
tank, and for industrial uses.

Figure 1.2 The main subsystems and their interactions in the hydrogen and power
production plants.
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Chapter 2: Literature Review
This chapter provides a detailed literature review on the hydrogen and power production
plants while focusing on those which use water decomposition cycles. Producing hydrogen
from fossil fuels can help controlling the carbon emissions locations, easing their capturing
process. Having vehicles running on hydrogen produced from fossil fuels limits the
equivalent carbon emission location of these vehicles to the location of the fossil fuel-based
hydrogen plant. Hydrogen, can be used in fuel cells for electrical production, can be
combusted to produce thermal energy and can be utilized for the production of chemicals
that can be used as fuels such as ammonia. However, it is required to be in a form that will
occupy less volume. There are various ways to produce hydrogen from fossil fuels, such
as steam-methane reforming and coal gasification [23]. Continuous increase in global
energy consumption has resulted in a faster depletion rate of the earth’s fossil fuel
reservoirs, and the use of fossil fuels has negatively affected the environment due to carbon
emissions. Currently, 78% of total energy demand comes from fossil fuels [24]. Research
and development are more directed to clean, economical, safe, stable, and abundant energy
sources.
Various energy forms, such as solar, geothermal, hydropower and nuclear energy
are available as candidates for reducing the dependence on fossil fuels. Many researchers
and scientists predict that nuclear energy will have important share in covering the energy
demands of the future [20]. Nuclear energy has been mostly used for electrical power
production [20]. A proposed alternative use of the nuclear energy is for the purpose of
hydrogen production. Producing hydrogen from nuclear energy has been evaluated as
highly beneficial for enhancing the nuclear energy sector [25]. Regarding renewable
energy sources, solar energy has been used for hydrogen production by different companies
and research centers. Honda has built a solar-based hydrogen production and vehicle
refueling station. In addition, Honda is presently working on an experimental home station
that will produce hydrogen from natural gas while providing heat and electricity to the
homes [26].
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2.1 Coal Use in Hydrogen Production
Fossil fuels are depleting and current methods of using fossil fuels does not help delaying
the due date of running out of fossil fuels. Some of these methods are for management
purposes rather than the current technological limitations, an example on these
management scenarios is the energy losses during the fluctuating energy demands on-peak
and off-peak periods. One possible solution for the increasing the efficiency of the plant is
to run the power plants at a constant rate and at full capacity all of its operational time.
Another solution is multigenerational integrated systems that can adjust the rates of each
of its multiple products based on the demand periods. One way of running the power plants
at full capacity is through the successful use of energy storage systems. Hydrogen has the
advantage of being both an energy storage medium and an energy carrier [1], plus if the
system is an integrated system for multigeneration purposes, and two of these products are
hydrogen and electrical power will provide the bridge for running the plant at full capacity
through all of its operational time.
Many processes can produce hydrogen from fossil fuels, such as (a) coal
gasification, (b) steam methane reforming, and (c) biomass gasification. Coal is one of the
most avialable type of fossil fuels, and it plays a significant role in power production
worldwide. Coal gasification is often coupled with power production combined cycles.
Currently, 18% of the hydrogen produced worldwide is from coal [3]. Many systems are
proposed in the literature for integrating coal gasification with other systems to increase
the efficiency of the overall conversion process of coal [10,27–34]. Bicer and Dincer
[35,36] proposed a multigeneration system for hydrogen production; the system integrated
underground coal gasification with a solid oxide fuel cell. Researchers have proposed
various integrations of the process of gasifying coal [10,27–33], biomass [34], or the
combination of coal and biomass [33] with other systems such as a solar power tower [31],
or with a Fischer-Tropsch unit [30]. Others have integrated the gasification system with a
dual chemical looping process, namely chemical looping air separation and water gas shift
with calcium looping CO2 absorption [32]. References [27–34] performed first law analysis
of their proposed integrated gasification systems, but only the references [29–34]
performed second law analysis (exergy analysis). The energy and exergy efficiencies of
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the proposed integrated gasification systems were assessed in references [27–34], and
some exhibited an energy efficiency more than 60%, which is very promising results.
Although there are many different ways of producing hydrogen, the Cu-Cl cycle is of a
particular importance since it decomposes water using relatively low temperature thermal
energy when compared with thermal decomposition of water.
Aghahosseini et al. [10] proposed an integrated system which combines coal
gasification combined cycle (IGCC) based on Texaco gasification [10] power plant with
the thermochemical copper-chlorine cycle. An integrated system in [10] is for trigeneration
of hydrogen, steam, and electricity. In the integrated system in [10] the only interaction
between the IGCC and the Cu-Cl cycle is in terms of heat and oxygen interactions; the
copper-chlorine cycle receives heat from two sources, where one is from the IGCC which
produces oxygen for the coal gasifier in the IGCC, and produces hydrogen for energy
storage. In the integrated system proposed by Aghahosseini et al. [10] the copper-chlorine
cycle was not simulated using Aspen Hysys software, and no clear overall energy
efficiency increase in the IGCC system was demonstrated. Presented in [10] the overall
efficiencies of the IGCC compared to Texaco IGCC system, which were 43% and 45%
respectively. Also in [10] they proposed an integration of coal gasification combined cycle
with the thermochemical copper-chlorine cycle. The copper-chlorine cycle in their
proposed integrated system was not completely dependent on the heat received from the
IGCC system rather it received extra heat from other sources, and no exergy analysis was
performed on their proposed system. Ratlamwala and Dincer [37] proposed an integrated
system of the Cu-Cl cycle with Kalina cycle and electrolyzer. The integrated system
proposed in [37] is mainly for hydrogen production. After the energy and exergy analyses
of the integrated system is carried out, a new copper-chlorine design layout is presented
with a heat exchanger network for heat recovery within the copper-chlorine cycle to
increase the overall efficiency.
2.2 Solar Hydrogen Production
The two main paths for producing hydrogen from solar energy: electrolysis or a
thermochemical water decomposition cycle or hybrid system combining both technologies.
For hydrogen production by electrolysis, photovoltaic (PV) solar panels can be used for
9

direct conversion of solar energy to electrical energy, which is done by using the
electrolyzer to decompose water into hydrogen and oxygen. Boggs and Botte [9] reported
that water electrolysis requires 33.0 Wh g-1 H2, for hydrogen produced at atmospheric
pressure. For thermochemical water-decomposition cycles, the chemicals involved are
continuously recycled (idealy). Thermochemical water decomposition cycles are viewed
as catalysts for the water decomposition reaction. The only material outputs are hydrogen
and oxygen, so it is a carbon-free cycle [10,11]. Giaconia et al. [38] analyzed a sulfur-based
thermochemical water decomposition cycle for hydrogen production. Gokon et al. [38]
studied a two-step cycle for hydrogen production via thermochemical water
decomposition. The cycle is based on monoclinic ZrO2-supported NiFe2O4 and Fe3O4
powders and ceramic foam devices. Ozbilen et al. [21,39] developed four-step
thermochemical water decomposition cycle utilizing compounds of the chemical pair of
copper and chlorine. [24,25] carried out exergoeconomic and exergoenviromental
analyses, as well as multi-objective optimization. Orhan et al. [40] compared various
configurations of hybrid electrical and thermochemical water decomposition cycles that
utilize the chemical couple copper and chlorine. Orhan et al. [20] assessed the
thermochemical cycle for possible use in nuclear hydrogen production.
A brief analysis is performed for a group of different methods for water splitting
technologies to determine the required energy by each technology to produce a gram of
hydrogen. The analysis is carried out with the assumption that the electrical or thermal
energy is produced from solar energy. A hybrid electrical and thermochemical water
decomposition cycle (five-step copper-chlorine cycle [40]) requires electrical energy of
13.6 Wh per gram of hydrogen produced and thermal energy of 40.4 Wh per gram of
hydrogen produced [40]. If we assume a solar thermal energy to electrical energy
conversion efficiency of 9%, based on the work of [4], then the hybrid electrical and
thermochemical water decomposition cycle requires electrical energy of 17.2 Wh per gram
of hydrogen produced. This means that the hybrid electrical and thermochemical water
decomposition cycle requires less equivalent electricicity than the electrolysis process.
Ratlamwala and Dincer [41] proposed two solar-based integrated systems for
hydrogen production. The first system proposed by [28] consists of a solar heliostat field
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integrated with a copper-chlorine hybrid thermochemical water-decomposition cycle. The
second proposed system by [28] incorporates a solar heliostat field, a copper-chlorine
cycle, a Kalina cycle, and a photocatalytic reactor. The energy and exergy efficiencies of
the two systems were reported by [41]. The energy and exergy efficiencies are reported for
the first system as 47.8% and 50.8% respectively, and for the second system as 56.4% and
59.6%, respectively. All energy and exergy efficiencies are determined for a solar light
intensity of 1,200 W/m2. The hydrogen production rate forSystem is 2,250 kg/day and for
System 2 it is 2670 kg/day. However, the hydrogen produced by the systems is not
compressed to a storage/transportation pressure; rather it is at atmospheric pressure, for
which excessively large storage volumes are required. For example, the volume for storing
the hydrogen produced per day is 27,300 m3 for System 1 and 32,400 m3 for System 2.
Both volumes are impractically large. However, if the hydrogen produced is compressed
to 700 bar [42] as most hydrogen fueled vehicles require, the required storage volume
decreases to 57.4 m3 for System 1 and 70.4 m3 for System 2. That is, when hydrogen is
compressed to 700 bar it requires a volume nearly 565 times less than when the hydrogen
is at one bar. In the work of Ratlamwala and Dincer [41] , the hydrogen was produced at
ambient pressure, which requires a storage volume of nearly 12 m3 per kg of hydrogen
produced and is not practical. Hydrogen fueled cars require hydrogen compressed to
pressures of 300 to 700 bar. Little work has been reported on the integration of systems
containing solar energy and hybrid thermochemical water decomposition cycles other than
the work of Ratlamwala and Dincer [41,43,44].
2.3 Nuclear Energy for Hydrogen Production
Nuclear energy is clean energy in terms of carbon-based-emissions, however it has its own
problems. But if the nuclear energy is used to produce hydrogen which can be stored in
off-peak periods using a cycle with higher energy efficiency than the energy efficiency of
a Rankine cycle integrated with an electrolyzer than more energy will be obtained from the
nuclear energy.
There are many different types of nuclear reactors, some are under operations while
others are at the small reactor experimental stage and others are design concepts. A simple
overview of the main nuclear reactors models is presented in Figure 2.1. The relatively low
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steam temperature outlet of the current nuclear reactors is one of the main reasons for
reducing the efficiency of these power plants. New nuclear reactors concepts are being
introduced to solve the problem of low-temperature steam. One of the promising concepts
is the supercritical water-cooled nuclear reactor (SCWR). The SCWR reactors has a very
high steam outlet temperature [45].

Figure 2.1 The popular nuclear reactor models based on the coolant temperature when
exiting the reactor versus the coolant operating pressure, while it also present the thermal
energy efficiency of the reactors (data from [45]).
One reason for coupling a Cu-Cl cycle with a SCWR rather than with a supercritical
Rankine cycle where the produced energy is required in the H2 form relates to efficiency,
in that the efficiency for such a Cu-Cl cycle was reported by Orhan et al.[20,40,46] and
Ratlamwala and Dincer [37] to range between 40.1% to 44.8%. However, the efficiency of
a supercritical Rankine cycle with single reheat simulated by Al-Zareer et al. [47] was
36.2% and to produce hydrogen it has to be coupled with another system to convert
electrical energy to hydrogen. This means that a supercritical Rankine cycle with a single
reheat integrated with electrical energy to hydrogen conversion system will have an overall
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energy efficiency less than 36.2%. Thus, the Cu-Cl cycle has a much higher energy
efficiency of nearly 10% more when the end product that is required in the form of H2.
2.4 Cu-Cl Hydrogen Producing Cycle
Hydrogen is abundant in nature; it accounts for 75% (mass basis) and 90% (by number of
atoms) of the total matter in the universe [48]. On earth, an abundant amount of hydrogen
exists connected to an oxygen atom in the form of water (H2O) [49]. The chemical bond
between a hydrogen atom and an oxygen atom in water requires 460 kJ/mol of thermal
energy to break [15,50]. Hydrogen in the form of H2 has the highest energy to mass density
of any substance. But hydrogen is not readily available in nature in large amounts in the
form of H2. Hydrogen can serve as an energy storage medium and as an energy carrier.
Many technologies are available for producing hydrogen from water, such as water
electrolysis, thermal water decomposition, thermochemical water decomposition, and
thermochemical and electrical water decomposition cycles. Water decomposition is a
potentially attractive method for hydrogen production.
Hydrogen can be produced from nuclear energy either through electrolysis or
thermochemical water decomposition or hybrid thermochemical water decomposition.
Hybrid thermochemical and electrical water decomposition cycles have increased attention
due to their lower temperature requirements compared to thermal water decomposition.
Various types of hybrid thermochemical and electrical water decomposition cycles exist,
and these are often differentiated based on the chemical compounds they employ and the
number of steps in the cycle [14].
Investigations of hybrid thermochemical and electrical water decomposition cycles
for hydrogen production have been reported, as have efforts to integrate them with other
systems. One type of hybrid thermochemical and electrical water decomposition cycle uses
magnesium and chlorine (the Mg-Cl cycle) [51,52]. Ozcan and Dincer [51,52] modeled
and analyzed the performance of this cycle and investigated its thermal energy and
electrical energy requirements. Ozcan and Dincer [52] found that the Mg-Cl cycle has
energy and exergy efficiencies that allow it to compete with the other hybrid
thermochemical and electrical water decomposition cycles. The Mg-Cl cycle has been
integrated with a nuclear reactor, a Rankine cycle and a liquid hydrogen storage [53].
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Energy and exergy analyses were performed of this integrated system and the energy and
exergy efficiencies were found to be 18.6% and 31.4%, respectively [53]. An
exergoeconomic analysis of the Mg-Cl cycle was also reported [54].
Another promising hybrid thermochemical and electrical water decomposition
cycle is based on copper and chlorine compounds (the Cu-Cl cycle), particularly due to its
relatively low-temperature requirements which permit it to be integrated with various
thermal energy supply systems. Various Cu-Cl cycles exist, based on the number and type
of steps comprising it [14]. Orhan, Dincer and Rosen examined the performance of several
configurations of the Cu-Cl cycles with energy and exergy analyses [40,55]. The Cu-Cl
cycle has also been evaluated using exergoeconomic analysis [56]. Furthermore,
investigations have been reported on the integration of the Cu-Cl cycle with other hydrogen
production processes [20,22,46]. The integration of the Cu-Cl cycle with nuclear plants
that provide thermal energy has been examined [20,46], and the system energy and exergy
efficiencies were found to be 45% and 10%, respectively [20]. In [20] integrated system a
Cu-Cl cycle with five main steps is considered, while a four-step Cu-Cl cycle is examined
in [57] integrated system. The various Cu-Cl cycles have been investigated extensively
over the last decade, using energy, exergy, exergoeconomic, exergoenviromental, analyses,
and other costing methods [10,12,13,16–22,37,39–41,43,44,46,55–65]. Nevertheless,
more work is required on integrating these cycles into currently operating thermal and
electrical energy producing systems to determine how well they perform after integration.
The copper-chlorine cycle has many versions which each differ in the number of
steps in the cycle, and in the reactions in each step. There are in total 5 different
configurations of the hybrid electrical and thermochemical water decomposition cycle [40].
The required thermal and electrical energies of the hybrid electrical and Cu-Cl cycle for
water decomposition for different configurations and the required energy for electrolysis
is shown in Figure 2.1. As shown in Figure 2.1 the equivalent electrical requirement of the
all different configuration of the copper-chlorine cycle is nearly half of the required
electrical energy from the electrolysis process. The less energy requirement with the
convenience of direct water decomposition using thermal energy of the thermochemical
hybrid water decomposition make it a very promising technology for a better energy future.
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Figure 2.2 The comparison between five different Cu-Cl cycle configurations and the
electrolysis process for hydrogen production based on the equivalent required electrical
energy (if solar energy is used to produce the electrical power) [9,10,12-14].
Not many have studied the Cu-Cl cycle thermodynamically, and there is no clear
overall presentation of the Cu-Cl cycle steam circuit. The steam circuit is the track or the
flow behavior of the steam around, through and inside the reactors of the Cu-Cl cycle.
Some researchers provided a heat exchanger network for transferring the required heat
between the steam coming out of the nuclear reactor and the Cu-Cl cycle chemical reactors,
such as [58]. However, in Ozbilen [58] work the steam mass flow rate and temperatures of
the flowing steam per location for the entering and exiting flows is not clear.
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Chapter 3: Systems Development
The integrated hydrogen production systems should produce electricity that at least covers
the plant’s internal electrical requirements, such as compressors, pumps, electrically driven
reactors, control systems, lights, and emergencies. Hydrogen is not a source of energy;
rather it is a clean energy carrier since it is carbon-free. Hydrogen possesses most of the
advantages of fossil fuels [66]. However, large quantities of H2 gas are not readily available
in nature and must be produced.
3.1 Development of the Four Hydrogen Production Systems
The generated morphological chart shown in Figure 3.1 is used to develop the plant
concepts. The morphological chart provides an easy way for generating alternative
concepts by dividing the system into parts. For each part, there are different choices of
subsystems; each of these choices perform a specified function and when these subfunctions operate together they fulfill a larger needed function. After formulating the
morphological chart, the next step is to combine different alternatives with different
integration methods, in order to try to formulate systems that are capable of performing the
required overall function of the plant. The first step for developing the four hydrogen
production plants that utilize the Cu-Cl cycle is to compare the different options for each
subsystem.
The comparison is made based on criteria derived from the objectives and the
requirements of this thesis. The first subsystem to be considered is the heat production
system (the main subsystems are shown in Figure 1.2). The heat production system
converts the energy from its source (coal, solar, nuclear) into a thermal form of energy.
Figures 3.2-3.4 present the different options for nuclear reactors, fossil fuel based systems,
and renewable energy systems, respectively, which are all options for the heat production
system. Figure 3.2 shows a comparison between different types of nuclear reactors. The
comparison is based on the reactor outlet temperature and the generation number of the
nuclear reactor. The first and essential criterion for selecting the supercritical water-cooled
nuclear reactor (SCWR) is the outlet temperature of the coolant exiting the reactor, which
is 625oC, which is larger than the required maximum temperature of the thermochemical
hybrid water decomposition cycle (Cu-Cl).
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Figure 3.1 The morphological chart of a hydrogen production plant that utilizes the
thermochemical hybrid water decomposition cycle which is a copper-chlorine cycle. BWR:
Boiling water reactor; PWR: Pressurized water reactor; RBMK: Russian reactor; SCWR:
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supercritical water-cooled nuclear reactor (Generation IV concept reactor); AGR:
advanced gas cooled reactor; LMDBR: liquid-metal fast breeder reactors.
Another option is the advanced gas-cooled reactor (AGR), of which there is only
one, in England. However, this type of reactor is no longer produced and is not a 4th
generation reactor. Most of the considered nuclear reactors do not satisfy the minimum
required temperature of 530oC for the Cu-Cl cycle. As shown in Figure 3.2, the nuclear
reactor that makes a good candidate to be integrated into a hydrogen production plant for
heat production is the SCWR. Advanced gas cooled reactors (AGR) have a high outlet
temperature of 650oC. However, such reactors are now old and none are planned to be
built in the future [32].
The second type of heat production system is the fossil fuel based system. Most
(78% in 2016) of the energy consumed comes from fossil fuel based power production
plants. Figure 3.2 shows a group of fossil fuels and different methods for extracting thermal
energy out of them that are considered in this research. As shown in Figure 3.3, a
comparison is made of the different types of fossil fuels and the heat extracting methods
that are considered in this study. The comparison is based on the following considerations:
whether the technology is usually used for hydrogen production; whether the technology
is usually integrated with other systems in the literature; the variety of operating conditions
of the technology; and the availability of the fossil fuel in nature. As also shown in Figure
3.3, coal gasification has most of the required specifications of the fossil fuel-based
technology candidate to be integrated into a hydrogen production plant. Coal is the most
abundant fossil fuel in the world [66]. From Figure 3.3, coal gasification is selected to be
the heat generating system in the fossil fuel-based hydrogen plant. In this study, the third
source of energy to be considered that will be responsible for producing heat is renewable
energy. In fact, three renewable energy technologies are considered for producing the
required heat in a hydrogen production plant. The comparison shown in Figure 3.4 is based
on the specially selected criteria, which are: whether the technology is available in large
sizes; the level of the technology life cycle carbon emissions; and the average capacity
factor of the technology. Solar-based thermal energy production is selected for the
renewable energy based hydrogen production plant. It is available on a large scale and has
fewer life cycle carbon emissions than biomass based systems.
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One of the main requirements of the hydrogen production plant is that the produced
hydrogen is in a state by which it can be used in all hydrogen uses without the need to
spend preparation energy. The ready to use hydrogen must be in a state such that it will not
occupy large volumes since hydrogen is the gas with the lowest molecular weight.

Figure 3.2 The comparison between the considered nuclear reactors. BWR: Boiling water
reactor; PWR: Pressurized water reactor; RBMK: Russian reactor; SCWR: supercritical
water-cooled reactor (Generation IV concept reactor); AGR: advanced gas cooled reactor;
LMDBR: liquid-metal fast breeder reactors (data from [33]).

Figure 3.3 The comparison between the different fossil fuels; some of the methods used to
extract from them are taken into consideration (data from [35]).
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Figure 3.4 The comparison between the different renewable energy technologies to be
used to produce the required heat by the hydrogen production plant (data from [69, 17]).
To increase the density, hydrogen must be compressed to very high pressures or converted
into a liquid state. The technologies for increasing the density of hydrogen considered in
this study are: compressing hydrogen in stages; cryogenic cooling of hydrogen; and the
hydrogen liquefaction system invented by Praxair. The comparison of the three hydrogen
preparation technologies is shown in Figure 3.5, where the comparison is very close
between the three systems considered in this study under the selected criteria. However,
the compression system scored highest, mainly because most of the hydrogen cars today
use compressed hydrogen as their fuel. In addition, a compressed hydrogen storage tank
will not require a very high thermal insulation; this may not be required at all in some
countries. However, a very rigid tank is needed to withstand enormous pressure. Another
advantage of producing compressed hydrogen is that part of the power used to compress
the hydrogen in the plant can be retrieved during operation through a gas turbine if the
hydrogen consuming system operates at lower pressure than that of the compressed
hydrogen. Another advantage of compressed hydrogen is that since the storage tanks must
be very rigid, the tank rigidity also offers protection to the hydrogen and an increase in
storing and transporting safety. However, liquid hydrogen has a critical advantage over
highly compressed hydrogen in that liquid hydrogen has a density nearly 1.6 times that of
compressed hydrogen. The higher density of liquid hydrogen means that liquid hydrogen
requires 1.6 times smaller containers to store the same mass of hydrogen.
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Figure 3.5 The comparison between the different hydrogen preparation technologies (data
calculated based on 700 bar and 25oC for the compression system, 1 bar and saturated
liquid for the results of the liquefaction systems using EES).
Finally, the supporting system can be Rankine cycle, if the heat obtained from the
heat producing system is in the form of superheated steam. Alternatively, the supporting
system can be a combined cycle if part of the produced hydrogen has to be combusted in
order to fulfill the power needs of the hydrogen production plant.
After selecting at least one from each category of subsystems, the second step is to
generate concepts for the hydrogen production plant.
3.1.1 Coal-Based Hydrogen Production Plant (System 1)
The first developed concept for a hydrogen production plant that utilizes a thermochemical
hybrid water decomposition cycle and fed with a fossil fuel (coal) includes the following
subsystems, which are based on the results of the comparisons previously performed:


A heat production system, which is a coal gasification system with the following
sub-systems:
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a. a cryogenic air separation unit (CASU) for oxygen production.
b. a syngas turbine.
c. a water gas shift membrane reactor (WGSMR).
d. a syngas combustion chamber.
e.


and a heat recovery steam generator (HRSG).

A hybrid thermochemical and electrical water decomposition cycle.
a. five-step copper-chlorine cycle (Cu-Cl cycle).



A hydrogen preparation system:
a. a four-stage hydrogen compression system consisting of multiple
compression stages with intercoolers. The intercoolers generate steam for
bottoming Rankine cycles, which reduce the overall power requirements of
the compression system.



A supporting system: a combined cycle, using a hydrogen fueled combustion
chamber.



A cooling tower for condensing the water.
The goal of System 1 is to produce high compressed hydrogen and generate power

by integrating a coal gasifier that receives its gasification oxidant from a CASU, a
WGSMR, a Brayton cycle, the thermochemical copper-chlorine cycle for thermochemical
water decomposition to produce hydrogen and a hydrogen compression system. The
proposed hydrogen production plant produces highly compressed hydrogen (700 bar) with
only one input, which is the coal flow rate. One of the reasons behind proposing this
hydrogen production plant is to provide an alternative for is currently used Rankine cycle.
One alternative is the Cu-Cl cycle. The second reason for using the thermochemical water
decomposition cycle is to directly produce hydrogen from heat, bypassing the electrical
conversions in the middle when producing hydrogen from heat by electrolysis. The third
reason is that the proposed plant can operate at a constant rate throughout the day, which
produces hydrogen that is compressed and ready for storage. In addition, hydrogen is easier
to store than electricity [67].
The Cu-Cl cycle is simulated in Aspen Plus software (Aspen Plus has the advantage
of the ability to simulate solids, over other chemical simulation software, including Aspen
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Hysys). Since the thermochemical copper-chlorine cycle contains materials in solid, liquid
and gaseous states, Aspen Plus is a better tool for simulating the proposed hydrogen
production plant and its main components, which are a copper-chlorine cycle and a coal
gasifier. In the proposed hydrogen production plant, the copper-chlorine cycle receives the
required heat from the Brayton cycle gas turbine hot exhausts. However, the required
necessary electrical energy comes from the gas turbines and the generator in the cycle. The
coal gasifier is based on an idealized model that is based on Gibbs free energy minimization
approach. The model is validated with experimental results from Wen et al. [68]. After the
gasification model is validated, and the hydrogen production plant is simulated on Aspen
Plus, energy and exergy analysis is performed on the proposed hydrogen production plant.
Figure 3.6 shows an overall view of the proposed integrated system, and how the
subsystems interact with each other. First, air enters the CASU where oxygen is separated
from nitrogen. The CASU requires work rate for its compressors and with the help of the
refrigerator unit, the CASU can separate oxygen from air in the distillation column. The
refrigerator unit is crucial due to the very low condensation temperatures at which the
distillation column is working. The coal gasification system consists of the pressurized
entrained flow gasifier in which oxygen is the gasification oxidant, and steam is the
gasification agent. The operating pressure of the gasifier is 24 atm. Type of coal fed to the
gasifier is Illinois No.6 coal and its chemical analyses (including approximate and ultimate
analysis), lower heating value (LHV), higher heating value (HHV) and specific exergy are
provided in Table 3.1. The gasifier receives oxygen from the CASU and the steam from
the steam generators located at different locations in the system that use the recovered heat
to produce steam. The syngas exiting the gasifier goes to a gas turbine where its pressure
is reduced to the optimum operating pressure of the WGSMR, based on the work of
Augustine et al. [69], who reported that the optimum operating pressure and temperature
for the WGSMR to achieve 98.2% carbon monoxide conversion, and 81.2% hydrogen
recovery, are 14.4 bar and 450oC, respectively. Also, the pressure of the captured hydrogen
(the retentate) is around 1 bar, with purity of 99.999% [69]. After the syngas pressure
reduction in the gas turbine, the syngas is sent to a heat exchanger to cool the syngas to the
optimum operating temperature of the WGSMR of 450oC [69].
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Figure 3.6 The schematic diagram of System 1 for hydrogen production that utilizes the thermochemical hybrid water
decomposition cycle, which the copper-chlorine cycle. The overall system and its main components of coal gasifier, Brayton cycle,
WGSMR, HRSG, CASU, and copper-chlorine five steps cycle. Material inputs are air, coal and water.

On the other side of the heat exchanger, steam is produced. The cooled syngas, mixed with
saturated steam, then enters the WGSMR.
Table 3.1 The properties of Illinois No.6 coal fed to the gasifier in System 1.
Illinois #6 [68]

Proximat
e analysis

Ultimate
analysis

Sulfur
analysis
HV
Exergy

Wet basis
(wt.%)

Dry basis
(wt.%)

0.20
58.01
26.46
15.53
73.90
6.24
0.71
0.37
1.77
1.32
15.53
0.59
0.59
0.59
25.35
24.12

0.00
58.01
26.46
15.53
74.05
6.25
0.71
0.37
1.77
1.32
15.53
0.59
0.59
0.59
29.14
27.10

Dry and ash
free basis
(wt.%)
0.00
68.68
31.32
0.00
87.66
7.40
0.84
0.44
2.10
1.56
0.00
0.70
0.70
0.70
33.35
32.50

29.00

34.50

Moisture
Fixed carbon
Volatile matter
Ash
C
H
N
Cl
S
O
Ash
Pyritic
Sulfate
Organic
HHV (MJ/kg)
LHV (MJ/kg)
Specific exergy
(MJ/kg)

The treated syngas exiting the WGSMR enters a compressor where its pressure
increases to the operating pressure of the 2300 kPa. Air is also compressed to provide the
required oxygen to the combustion reaction. Both the compressed air and the compressed
treated syngas enter the combustion chamber. The pressure of the combustion chamber is
2300 kPa, with the assumption that no heat losses occur in the combustion chamber. The
combustion products exiting the combustion chamber are sent to a gas turbine, then to the
HRSG. The produced steam is used to provide the necessary heat to the copper-chlorine
cycle, which is a five step thermochemical cycle for water decomposition with a maximum
temperature around 530oC [17]. The copper-chlorine cycle has a step that requires
electricity which is provided to it by the gas turbines in the plant generators. Each
subsystem simulation flowsheet is provided through the discussion of the model
development of each of these subsystems.
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The Gibbs free energy minimization approach based model (GFEMA based model)
consists of two reactors when it is modeled in Aspen Plus software, as seen in Figure 3.8
(Aspen Plus flow sheet of GFEMA based mode). Before building the model, coal has to be
defined to Aspen Plus as a nonconventional solid (NC), based on its chemical composition
(see Table 4.1).
The GFEMA based model consists of two Aspen Plus reactors. The first reactor in
the GFEMA based model is a yield reactor (the mole or mass fraction of the product should
be specified). In the GFEMA based model, the yield reactor decomposes the coal to its
primary elements, which are based on the coal ultimate wet chemical analysis, which is
presented in Table 3.1 for Illinois No.6 (converting NC material to conventional material).
The second reactor in the GFEMA based model is a Gibbs reactor (the reaction should be
based on the GFEMA), where the reaction that takes place in that reactor depends on
minimizing Gibbs free energy. To validate the GFEMA based model, the syngas molar
fraction of its main chemical species is compared with the experimental data from the
literature [68]. The syngas exiting the GFEMA based model and the experimental data for
the Illinois No.6 coal are presented in Table 3.2, where the molar fraction of the main
chemical species in the raw syngas, which are CO, H2, and CO2, are compared between the
GFEMA based model results and the experimental data of the gasification process from
the literature [68]. This is for Illinois No.6 coal. The difference in the carbon monoxide
mole fraction in the syngas exiting the gasifier between the GFEMA based model and the
experimental results [68] was 4.1%, for hydrogen 6.5%, and for carbon dioxide 5.1 %.
Table 3.2 The comparison between the results of the Gibbs-based model and the
experimental data from literature. The comparison is based on the mole fraction of CO, H2,
and CO2 species.
Components

Mole fraction (dry basis)
Gibbs free energy model

CO
H2
CO2

0.552
0.366
0.028

Mole fraction (dry
basis)
Experiment [17]
0.576
0.391
0.030

Gibbs-based
model % error
-4.1
-6.5
-5.1

Since the GFEMA based model exhibited a highest difference of 6.5% with
experimental values, it can be used with reasonable accuracy to simulate coals for which
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experimental data are lacking. From here on, the GFEMA based model is used due to its
flexibility and accuracy. The main chemical reactions that occur in the gasification process
are presented in the next section.
Gasification starts with coal pyrolysis. In the pyrolysis reaction, coal is broken into
char and volatile matter. Volatile matter, which includes moisture and tar, is presented by
C6 H6 . The pyrolysis reaction is written as follows:
Coal → Char + (CO + H2 + H2 O + CO2 + CH4 + H2 S + N2 + C6 H6 )

(3.1)

After the pyrolysis reaction, the combustion of the volatile matter is performed based on
the following reaction equations:
C6 H6 + 7.5O2 → 6CO2 + 3H2 O

(3.2)

H2 + 0.5O2 → H2 O

(3.3)

CO + 0.5O2 → CO2

(3.4)

CH4 + 2O2 → CO2 + 2H2 O

(3.5)

However, the char is decomposed. The decomposition of char is based on the following
equation:
Char → C + H2 + O2 + N2 + S + ASH

(3.6)

The results of the char decomposition reaction (Equation (3.6)), the results of the
volatile combustion reactions, the gasification oxidant, and the gasification agent react
based on the following equations:
C + O2 → CO2

(3.7)

C + 0.5O2 → CO

(3.8)

C + H2 O → CO + H2

(3.9)

C + CO2 → 2CO

(3.10)

C + 2H2 → CH4

(3.11)

S + H2 → H2 S

(3.12)
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Figure 3.7 The Aspen Plus flow sheet for modeling and simulation of the gasifier (GFEMA model), CASU, Brayton
cycle, WGSMR and heat exchangers plus other utilities

CO + H2 O → CO2 + H2

(3.13)

CH4 + H2 O → CO2 + 3H2

(3.14)

The results of Equations (3.7-3.14) present the raw syngas exiting the gasifier, where the
syngas is presented in the stream product in Figure 3.8.
The CASU is the system which is responsible for providing the O2 to the gasifier.
Shown in Figure 3.8 is the Aspen Plus flow sheet of the CASU, which produces O2 with
purity more than 95%. First, the air is compressed in compressor B1 (see Figure 3.8) to 8
atm, after which goes to the heat exchanger B11 where the compressed air exchanges heat
with the separated O2 and N2 to a very low temperature of -146oC. The cooled compressed
air is then throttled to a pressure of 5 atm and sent to the distillation column B4 (see Figure
3.8). The operating pressure of the distillation column is 5 atm. The gas separated at the
condenser of the distillation column is N2, and that at the boiler is O2. Since the condenser
operating temperature is -179oC, a refrigerator unit is used to keep the required cold
temperature in order for condensation to take place. Both of the separated O2 and N2 are
then sent to the heat exchanger B11 to cool the compressed air. The N2 takes most of the
heat from the compressed air and the hot compressed N2 gas is then sent to a turbine B12.
The N2 exiting the B12 turbine is used to preheat water before going to the steam
generators.
The unit responsible for both the shift reaction of the syngas exiting the gasifier,
and for capturing and separating the hydrogen produced in the shift reaction, is the
WGSMR. The optimum operating parameters of the WGSMR are adopted from the work
of Augustine et al. [69]. The parameters of the WGSMR are presented in Table 3.3. The
water gas shift reaction is represented as follows:
CO(g) + H2 O(g) → CO2 (g) + H2 (g)

(15)

Since the water gas shift reaction is an exothermic reaction, continuous removal of
heat is required to maintain the WGSMR operating at the optimum temperature. Water is
used to absorb the WGSMR heat and maintain it at the optimum operating temperature.
The water used to absorb the WGSMR heat is then heated and mixed with the syngas
exiting the gasifier. The shifted syngas exiting the WGSMR is compressed and combusted
29

in a Gibbs free energy minimization approach reactor COMB (see Figure 3.8). The hot
combustion gases leaving the combustion chamber (COMB in Figure 3.8) enter a gas
turbine GT. The gas turbine GT hot exhausts go to the heat recovery steam generator that
produces the steam that will be used to provide the needed heat to the copper-chlorine
cycle.
The modeling and the working principle of the new copper-chlorine five step cycle
configuration are next provided. The copper-chlorine thermochemical cycle decomposes
water through a thermochemical process to hydrogen and oxygen by low-temperature heat
relative to the required temperature of the thermal decomposition of the water. There are
many copper-chlorine cycle configurations in the literature [20], but the copper-chlorine
cycle configuration chosen in this research is the five step copper-chlorine cycle, the main
chemical reactions of which are shown in Table 3.4.
Table 3.3 The main input parameters for the gasification system consisting of gasifier
GFEMA model for the gasifier, CASU, WGSMR and Brayton cycle plus other system
utilizations.
Unit

Gasifier

The syngas
exiting the
gasifier
(stream
product in
Figure 3.8)

Syngas
cooling unit

CASU

Main parameters
 Operating pressure is 24.0 atm
 Gasification agent is steam, which is at 420oC
 Gasification oxidant is oxygen, which is at 490oC
 Steam to fuel ratio (mass basis) = 0.893
 Oxygen to fuel ratio (mass basis) = 0.241
 Temperature of the syngas is 1,215oC
 Chemical composition (mole basis):
o 0.000 for O2
o 0.550 for CO
o 0.367 for H2
o 0.024 for CO2
o 0.043 for H2O
o 0.004 for H2S
o 0.012 for N2
o 0.002 for CH4
 Cooling water is at pressure of 14.4 bar and temperature 260oC
 Direct mixing chamber
 Cooling water to syngas ratio (mass basis) is equal to 0.730
 Air at ambient condition is fed to CASU
 Maximum pressure in CASU is 8.0 atm (exiting O2 in
compressed to gasifier operating pressure)
 Separation method: distillation column
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WGSMR

Brayton
cycle
HSC

HFCC
Cu-Cl
















Gas turbine reduces pressure of exiting N2
Condenser refrigerator COP is 2.0 (to remove heat so condensing
fluid can condense at a very low temperature of -179oC)
Operating pressure is equal to 14.4 bar [69]
Operating temperature is equal to 450oC [69]
CO conversion percentage is equal to 98.2% [69]
H2 capture percentage is equal to 81.2% [69]
H2 recovered pressure is equal to 1 bar [69]
Syngas combustion chamber operating pressure: 2300 kPa
Discharge pressure = 1.2 atm
Compression ratio of the first three compression stages is 5
Hydrogen final pressure is 700 bar [31]
Compressed hydrogen final temperature is 25oC, cooled down
after the last compression stage
Compression ratio of the hydrogen and the air compressors is 36
Combustion chamber operating pressure is 36 atm
Maximum pressure in the Rankine cycle is 200 bar
For copper-chlorine cycle, check Table 4.4

The reactions in Table 3.4 are described in more detailed next. The equations in the
Table 3.4 are the reactions of the five step copper-chlorine cycle. The methodology and the
process of modeling the five step copper-chlorine cycle in Aspen Plus is then introduced.
Table 3.4 The five steps in the copper-chlorine cycle with their corresponding reactions
and operating conditions.
Step Chemical reaction
1
H2 O(g) + 2CuCl2 (s) → Cu2 OCl2 (s) + 2HCl(g)
1
2
Cu2 OCl2 (s) → 2 O2 (g) + 2CuCl(l)
3
4CuCl(aq) → 2Cu(s) + 2CuCl2 (aq)
4
CuCl2 (aq) → CuCl2 (s)
5
2Cu(s) + 2HCl(g) → 2CuCl(l) + H2 (g)
Source: [17,40]

Temperature range (oC)
375-400
500-530
30-80
>100
430-475

The first reaction in the five step copper-chlorine cycle is the hydrolysis reaction,
which is the first reaction in Table 3.4. In the hydrolysis reactor, superheated steam
combines with cupric chloride (CuCl2) to form copper oxychloride (Cu2OCl2) and
hydrochloric acid (HCl) [17]. The hydrolysis reaction must take place at a temperature
between 325-375oC [17], and since the reaction is an endothermic reaction, heat must be
supplied to maintain the reactants at a temperature between 325-375oC [17]. Wang et al.
[12] suggested conducting the endothermic hydrolysis reaction by providing the reactor
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with superheated steam at 400oC with more steam than that required by the balanced
reaction. The excess steam will drive the chemical reaction in the direction of the product
due to the increase in concentration of one of the reactants. It will also supply the required
reaction heat.
The second reaction in the five step copper-chlorine cycle is the thermal
decomposition of copper oxychloride to oxygen gas and a molten salt of cuprous chloride
(CuCl), as shown in the second step in Table 3.4. The thermal decomposition of Cu2OCl2
is an endothermic process, and the reaction temperature must be maintained at 530oC. A
method for supplying the reaction heat to retain the temperature of the reaction at 530 oC
was suggested by Naterer et al. [13], who proposed that the reaction heat can be supplied
by a loop of molten salt that is heated by steam in a direct contact heat exchanger and then
re-introduced into the chemical reactor. In the chemical reactor, the molten salt gives the
heat to the reaction, which results in producing oxygen gas and additional molten CuCl.
During the decomposition, there is an intermediate step where copper oxychloride
decomposes to form a crystalline structure of cupric oxide and cupric chloride (CuO ×
CuCl2 ). The decomposition of Cu2OCl2 into (CuO × CuCl2 ) occurs at 500oC and then
(CuO × CuCl2 ) decomposes into O2 gas and CuCl molten salt at 530oC [17].
The third step in the five step copper-chlorine cycle is the electrolysis step, where
cupric chloride (CuCl2) is reproduced electrochemically, as shown in Table 3.4. In the
electrolysis reactor, cupric chloride and solid copper are extracted electrochemically from
solid cuprous chloride (CuCl). The produced cupric chloride from the electrolysis reactor
is in an aqueous form(CuCl2 × 2H2 O), which is dried to reproduce the solid cupric chloride
(CuCl2). Zamfirescu et al. [17] reported that the electrolysis step requires nearly 63 kJ/mol
H2 of electrical power. In the drying step, all of the water in the aqueous material CuCl2 ×
2H2 O is removed, and the solid CuCl2 is returned to step 1 to complete half of the cycle
whereas the other half is with the solid copper and the hydrochloric acid (HCl).
The second reactor where cuprous chloride (CuCl) is produced is in the hydrogen
production reactor. Here, copper from the electrolysis reactor is combined with
hydrochloric acid (HCl) to produce cuprous chloride (CuCl) and hydrogen. The hydrogen
production reaction is exothermic, hence there is a heat that should be extracted from the
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reaction to maintain the reaction at a temperature of 450oC [17]. However, at 450oC, the
hydrogen production reaction based on the Gibbs free energy minimization approach,
52.5% from the reactants are converted to products. However nearly 99% of the reactants
are converted to products at the reaction temperature of 100oC. It should be noted that, for
both cases, the temperature of the reactant supply for the reactor is 500oC. Even in the light
of the former cases, the reaction temperature is kept at 450oC so that it can produce molten
CuCl (the melting temperature of CuCl is 436oC). To have 100% conversion of the
reactants at a reaction temperature of 450oC, extra heat has to be provided to the reactor.
After providing a description of the reactions of the five step copper-chlorine cycle,
the next section discusses the building of the copper-chlorine cycle model on Aspen Plus.
The first step in modeling the five step Cu-Cl cycle in Aspen Plus is entering the solid
phase properties of the materials in the Cu-Cl cycle. The second issue that must be taken
care of is the phase changes from solid phase to either liquid or gas phase, or vice versa, of
the conventional solid components that are defined by the user. These phase changes must
be completed manually through any reactor, but the product must be limited to the same
material but in the resulting phase (the phase change reactor). However, in the case of a
solid material that Aspen Plus has its data in a solid phase such as Cu, then there is no need
for the phase change reactor.
In this model, a stoichiometric reactor is used to change the phase from solid to
liquid or from liquid to solid. Properties and correlations of copper oxychloride (Cu2OCl2),
cupric oxide (CuO), cupric chloride (CuCl2) and cuprous chloride (CuCl) that were entered
in the Aspen Plus model, are provided in Tables 3.5-3.8, respectively. Copper oxychloride
properties and correlations, as presented in Table 3.5, are only for the solid phase since the
Cu2OCl2 is present solitary throughout the copper-chlorine cycle. Shown in Figure 3.9 is
the Aspen Plus model of the copper-chlorine cycle for thermochemical water
decomposition for large-scale hydrogen production.
The novelty of the developed model of the copper-chlorine cycle in this thesis lies
in the more practical system configuration than other copper-chlorine cycle models that
were published, and in considering the latest development in the research on the copperchlorine cycle. Based on the work of Wang et al. [12] as mentioned earlier and based on
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the Gibbs free energy minimization approach, eight times more superheated steam than
that required for the hydrolysis reaction balanced chemical equation is provided through
stream S2 (see Figure 3.9) for the hydrolysis reactor B3, as seen in Figure 3.9. The part
that goes to the copper-chlorine cycle of the steam produced by the HRSG is not directly
used; rather it is used to provide only the required heat. The water in stream S2 (see Figure
3.9) enters the system at ambient conditions and is then preheated by the excess steam
exiting the hydrolysis reactor S23 and the produced O2 S11 from the Cu2OCl2 thermal
decomposition reactor B6. The heat exchange is conducted through heat exchanger B15
in Figure 3.9.
Table 3.5 The copper oxychloride (Cu2OCl2, melanothallite) properties and correlations
used in the developed copper-chlorine cycle Aspen Plus simulation model, for
temperature range of 298-675 K and at 1 atm.
Value or correlation*
Reference
Δf H o = −384.65 ± 2.5kJ/mol; Δf S o = 154.352J/molK;
Δf Go = −369.7kJ/mol; log k f = 64.75; exch =
Molecule
[17,70]
21.08 kJ/mol; cpo = 116.77 kJ/kmol. K; To =
formation
298.15 K and Po = 1 atm
a + bT + cT 2 + dT 3 ; a = 53.7166572; b =
cp , kJ/kmolK 0.334033497; c = −5.22127940 × 10−4 ; d =
[17]
−7
2.99950910 × 10
a + b ln(T) + cT + dT 2 + eT 3 ; a = 154.352; b =
[17]
s, J/molK
53.7166572: c = 0.334033497; d =
−3
−0.2610639700 × 10
a + bT + cT 2 + dT 3 + eT 4 + f ln(T) ; a =
0.358948789 × 105 ; b = −45.87542993; c =
[17]
ex, J/mol
0.2448529712; d = −0.2038527680 × 10−3 , e =
1.3589 × 105 , f = −16015.62134
* If the correlation model (i.e. aT+bT2…etc, how the equation is organized) is not
available in Aspen Plus, produce an Excel table of T vs “variable” and enter the data in
Aspen Plus.
Parameter

Table 3.6 The cupric oxide (CuO, tenorite) properties and correlations used in the
developed copper-chlorine cycle Aspen Plus simulation model, for temperature range of
298-675 K and at 1 atm.
Parameter
Molecule
formation

Value or correlation*
Δf H o = −156 ± 2.1kJ/mol; Δf S o = 42.59 ± 0.4J/molK;
Δf Go = −128.292kJ/mol; log k f = 22.48; exch =
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Reference
[17,71]

6.268 kJ/mol; cpo = 42.18 kJ/kmol. K; To =
298.15 K and Po = 1 atm
a + bT + cT 2 + dT 3 + eT −2 ; a = 52.465081, b =
cp , kJ/
−0.0145802613, c = 4.51372247 × 10−5 , d =
[17]
−2.91900324 × 10−8 ; e =
kmolK
+0.05
−816,025.22 with error−0.1
kJ/kmolK
2
3
a + bT + cT + dT + e ln(T) + fT −2 ; a =
−258.3259972; b = −0.0145802613; c =
[17]
s, J/molK
2.256861235 × 10−5 : d = −9.730010800 × 10−9 ; e =
52.465081; f = 4.0801261 × 105
a + bT + cT 2 + dT 3 + eT 4 + fT −1 + gT −2 +
h ln(T) ; a = 77,913.62262; b = 56.81218591; c =
[17]
ex, J/mol
−0.01401896242; d = 0.1794674429 × 10−4 ; e =
−7.297508100 × 10−9 ; f = 8.160252200 × 10
* If the correlation model (i.e. aT+bT2…etc, how the equation is organized) is not
available in Aspen Plus, produce an Excel table of T vs “variable” and enter the data in
Aspen Plus.
Table 3.7 The cuprous chloride (CuCl, nantokite) properties and correlations used in the
developed copper-chlorine cycle Aspen Plus simulation model, for temperature range of
298-1000 K and at 1 atm.
Parameter
Melting
point
Normal
boiling
point

Value or correlation*

Reference

Reported value at 436oC

[72]

Boiling starts when the temperature is 1221.85oC

[71]

The vapor pressure at the triple point is 10.19 Pa
T (K)
732.15 816.15 948.15 1,187.15 1,750.15 [73,74]
P (Pa) 10
100
1,000
10,000
100,000
o
o
Δf H = −136.816kJ/mol; Δf S = 87.446J/molK;
Δf Go = −199.44kJ/mol; log k f = 21.02; exch =
Molecule
[17,71]
75.0kJ/mol; cpo = 53.34kJ/kmol. K; To =
formation
298.15 K and Po = 1 atm
cp , kJ/
T=298- a + bT + cT −2 ; a = 51.087; b = 17.656 ×
[72]
683 K 10−3 ; c = 268 × 103
kmolK
a + b ln(T) + cT + dT −2 ; a =
T=298[17]
−210.3986829, b = 51.087; c =
s, J/molK
683 K
5
0.017656; d = 1.34 × 10
a + bT + cT 2 + dT −1 + eT −2 + f ln(T) ; a =
T=298ex, J/mol
191,327.176; b = 45.823; c = 0.008828; d = [17]
683 K
268,000; e = 3.9952 × 107 ; f = −15,231.589
* If the correlation model (i.e. aT+bT2…etc, how the equation is organized) is not
available in Aspen Plus, produce an Excel table of T vs “variable” and enter the data in
Aspen Plus.
Vapor
pressure
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Stream S2 exits the heat exchanger B15 through stream S17, which is then heated
to the required input temperature of 400oC by the steam from the HRSG. Steam from the
HRSG is also used to heat the CuCl2 from 347oC for S1 (which is the same as S37, but they
are disconnected in the Aspen Plus to avoid long computational time) to 350oC for S3.
Streams S3 and S4 enter the hydrolysis reactor B3, which is an isothermal reactor operating
at a constant temperature of 325oC. The extra heat required by reactor B3 is provided by
the steam produced from the HRSG. The results of the hydrolysis reaction exit reactor B3
in stream S5, as shown in Figure 3.9. Separator B4 separates the results of the hydrolysis
reactor S5. Separator B4 separates S5 to S6 (Cu2OCl2) and S7 (HCl and excess H2O).
Separator B16 separates S7 to S24 (HCl) and S23 (excess H2O at 325oC). The produced
CuCl S10 heats stream S6 carrying Cu2OCl2 from the copper oxychloride decomposition
reactor B6 in the heat exchanger B21. It should be noted that CuCl (stream S36) exits the
heat exchanger B21 at 437oC, which is higher than the melting/solidification temperature
436oC of the CuCl since the heat exchanger B21 is a liquid-liquid heat exchanger.
Table 3.8 The cupric chloride (CuCl2, tolbachite) properties and correlations used in the
developed copper-chlorine cycle Aspen Plus simulation model, for temperature range of
298-1,000 K and at 1 atm.
Parameter
Melting point
Normal
boiling point
Decomposition
Molecule
formation

cp , kJ/kmolK

Value or correlation*
Reported value at 498oC

Reference
[74]

Boiling starts when the temperature is 993oC

[74]

Melting is accompanied by decomposition in Cu2Cl2 at
993oC
Δf H o = −218.0kJ/mol; Δf S o = 108.07J/molK;
Δf Go = −173.826kJ/mol; log k f = 30.453; exch =
82.474 kJ/mol; cpo = 71.88 kJ/kmolK; To =
298.15 K and Po = 1 atm
a + bT + cT 2 + dT 3 + eT 4 + fT 5 , a =
T=298- −16.3596145; b = 0.750699416, c =
675 K,
−2.56737967 × 10−3 ; d = 4.62107127 ×
crystal I 10−6 ; e = −4.34415987 × 10−9 ; f =
1.57231698 × 10−12
675-871
K,
82.4
crystal
II
For the liquid phase, Aspen Plus library has the
required data

Perry et al.
[74]
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[17,73]

[17]

T=298675 K,
crystal I
s, J/molK

a + bT + cT 2 + dT 3 + eT 4 + fT 5 +
g ln(T) ; a = 58.38957705, b =
0.750699416; c = −1.283689835 ×
10−3 ; d = 1.54035709 × 10−6 ; e =
−1.061039968 × 10−9 ; f =
3.14463396 × 10−13 ; g = −16.3596145

[17]
T=675871 K,
172.2201546 + 82.4 ln(T/675)
crystal
II
For the liquid phase, Aspen Plus library has the
required data
a + bT + cT 2 + d ln(T)
T=298- a = 1.850096 × 105 ; b = 68.091341; c =
675 K
0.69649 × 10−2 ; d = −21,667.1954
T=675- a = 1.978071674; b = 82.4; c =
[17]
ex, J/mol
871 K
1.835569 × 10−9 ; d = −24,567.55627
T=871a = 2.278675157; b = 100; c =
1,130.75
−6.751777 × 10−9 ; d = −29815.02
K
* If the correlation model (i.e. aT+bT2…etc, how the equation is organized) is not
available in Aspen Plus, produce an Excel table of T vs “variable” and enter the data in
Aspen Plus.
The stream S6 exits the heat exchanger B21 through stream S31. This is heated by
the steam produced by the HRSG in the heat exchanger B5 to 530oC, which is stream S8.
Cu2OCl2 enters the copper oxychloride decomposition reactor B6, which is an isothermal
reactor kept at 530oC. The copper oxychloride decomposition reaction is an endothermic
reaction, which means a continuous supply of heat to the reactor B6 is required to maintain
the reactor temperature at 530oC. The products of the copper oxychloride decomposition
reactor are oxygen gas and molten CuCl. The molten CuCl is separated from the oxygen
gas through a liquid gas separator B7. Stream S11 exiting the B7 separator carries the
oxygen gas and stream S10 carries the molten CuCl. The molten CuCl is sent to the phase
change reactor B8 to conduct the phase change from liquid to solid since, as mentioned
earlier, the phase change between solid and liquid must be manually performed in Aspen
Plus V8.8. The solid CuCl exiting the phase change reactor B8 (stream S30) enters the heat
exchanger B22 to heat up the dried CuCl2 (stream S21).
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Figure 3.8 The Aspen Plus flow sheet for modeling and simulation of the copper-chlorine cycle for thermochemical decomposition
of water for large-scale hydrogen production.

The solid CuCl (streams S39 and S35) is mixed with water to form an aqueous
solution that is sent to the electrolysis reactor B10. The electrolysis reactor is modeled as
a stoichiometric reactor (RStoic), and occurs at a constant temperature. The required heat
duty reported by the model is discarded for the electrolysis reactor and the electrical power
needed for the electrolysis reaction is taken from the literature. The results of the
electrolysis reactor, which are Cu and CuCl2 (stream S15), go to the separator B13, which
separates Cu from CuCl2, where Cu (stream S19) goes to the hydrogen production reactor
after passing into two heat exchangers B20 and B18. In heat exchanger B20, Cu exchanges
heat with molten CuCl produced by the hydrogen production reactor. However, in heat
exchanger B18, Cu exchanges heat with the steam generated by the HRSG. The resulting
heated Cu exiting heat exchanger B18 (stream S25) enters the hydrogen production reactor,
where it reacts with HCl at an isothermal reactor operating at a constant temperature of
450oC.
As previously mentioned, heat is required to maintain the reactor at constant
temperature; it is provided for the reactor from the steam generated from the HRSG. The
product of the hydrogen production reactor (stream S27) is sent to the gas-liquid separator
B23 to separate the hydrogen gas from the molten CuCl. The separated hydrogen exits the
separator B23 in stream S33. The molten CuCl (stream S32) goes to heat exchanger B20
to a temperature slightly higher than the melting/solidification temperature, enters the
phase change reactor B28 and is then cooled down by heat exchanger B11. The resulting
solid CuCl (stream S35) goes to the electrolysis reactor. However, the aqueous CuCl 2
exiting the separator B13 (stream S18) goes to reactor B14 where the solid CuCl2 is
converted from Aspen stream type and mixed to stream type cisolid so that the drying
process can take place since the dryer requires a solid in the form of cisolid. The dryer
requires heat to evaporate the water from the aqueous solution (CuCl2(aq)). The dried
CuCl2 (stream S21) goes to the heat exchanger B22 then to the hydrolysis reactor, but, as
mentioned above it is first heated. The produced hydrogen from the thermochemical water
decomposition copper-chlorine cycle is in stream S33, as seen in Figure 3.9.
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One of the methods for storing hydrogen is by compressing it to high pressures and
then storing it in gas cylinders [31]. The pressure of the storage tanks can vary between
350-700 bar, based on the size requirements of the storage tank [31].

Figure 3.9 The Aspen Plus flow sheet for modeling and simulation of the hydrogen
compression system, which compresses hydrogen from 1 bar to 700 bar for pressurized gas
storage.
A four-stage compression system is developed and simulated on Aspen Plus, as
shown in Figure 3.10. The four-stage compression system compresses hydrogen from the
pressure of 1 bar to a pressure of 700 bar. Four simple Rankine cycles are integrated with
the compression system to reduce the required compression power. As can be seen in
Figure 3.10, hydrogen produced by the system (stream 1) enters the first compression stage,
compressor C1. The first compression stage has a pressure ratio of 5. The compressed
hydrogen (stream 2) exits compressor C1 and enters the heat exchanger HX1, where the
high temperature compressed hydrogen exchanges heat with pressurized water at 20 bar
(stream R2). Compressed hydrogen exits the heat exchanger HX1 through stream 3, while
the pressurized water exits the heat exchanger HX1 through stream R3 as pressurized
superheated steam. The steam turbine ST1 extracts the thermal energy of the pressurized
superheated steam and produces work rate. That which exits the steam turbine ST1 then
goes to the condenser, and pump P1 pumps the saturated liquid to a pressure of 20 bar. For
the remaining three compression stages with intercooling, a Rankine cycle is used to
benefit from the heat rejected by the compressed hydrogen at each stage in order to produce
a work rate that reduces the required work rate for compressing the hydrogen.
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Figure 3.10 The Aspen Plus flow sheet for modeling and simulating the hydrogen
combustion combined cycle, the combustion chamber of the combined cycle is operating
pressure is 36 bar and a Rankine cycle with maximum pressure of 200 bar.
To provide the necessary work to compress the produced hydrogen and for other
work consuming devices, a combined cycle that burns part of the hydrogen is generated by
the plant to provide the needed work rate. Figure 3.11 shows the Aspen Plus model of the
hydrogen fueled combined cycle (HFCC). The required amount of the produced hydrogen
is compressed by compressor C5, which has a compression ratio of 36 [31]. Air is
compressed by compressor C6 to provide the needed hydrogen with oxygen for complete
combustion in the combustion chamber G1. G1 is a Gibbs free energy minimization
reactor. Combustion gases E5 exiting the combustion chamber G1 are then expanded in
the gas turbine GAST (see Figure 4.4). The exhaust gases E6 exiting the gas turbine
produce steam in the heat exchanger HX5. The produced pressurized steam enters the
steam turbine ST5 and goes to the condenser where P5 pumps the liquid water exiting the
condenser, then sends it to the heat exchanger HX5. The produced net work rate of this
cycle is used to cover the needs of the hydrogen production plant of work rate. After the
hydrogen is compressed, it is stored in hydrogen pressurized tanks for commercial,
industrial and transportation purposes.
3.1.2 Nuclear-Based Hydrogen Production Plant (System 2)
The developed nuclear-based System 2 for a hydrogen production plant that utilizes a
thermochemical hybrid water decomposition cycle contains the following subsystems,
based on the results of the comparisons previously made:
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A heat production system: a supercritical water cooled nuclear reactor (SCWR)
with closed single coolant loop.



A thermochemical hybrid water decomposition cycle: five-step Cu-Cl cycle.



A hydrogen preparation system: a four-stage hydrogen compression system
consisting of multiple compression stages with intercoolers that generate steam for
bottoming Rankine cycles. The bottoming Rankine cycles reduce the overall
required power by the compression system.



A supporting system: a combined cycle with a hydrogen fueled combustion
chamber.



A condenser.
The aim of System 2 is to integrate the SCWR with the Cu-Cl cycle, using a defined

steam circuit (SC) which is lacking in the literature, a hydrogen compression system (HCS)
and a supporting combined cycle (SCC). The integrated system is then simulated using
Aspen Plus software, and a thermodynamic analysis is performed on the proposed
integrated system. The Cu-Cl cycle with a SC is compared using simulation with other
cycles without a SC (based on energy requirements). The energy and exergy efficiencies
and the hydrogen production flow rate are reported for each case of the Cu-Cl cycle. The
SC is simulated in Aspen Hysys. Figure 3.12 shows a schematic diagram of System 2, with
a description of how its subsystems interact with each other.
Table 3.9 The main parameters in the proposed integrated system, consisting of SCWR,
Cu-Cl cycle, supporting the combined cycle, and a hydrogen compression system.
Main
component
SCWR

Cu-Cl cycle

Parameters

Value

Unit

Ref.

Temperature of the steam exiting the
o
625
C
[45,75]
reactor
Temperature of the water returning to the
o
350
C
[45,75]
reactor
Operating pressure of the nuclear reactor
25
MPa [45,75]
Thermal energy output
2,540 MW
[45,75]
Supercritical steam mass flow rate
1,320 kg/s
[45,75]
o
Tmax cladding
850
C
[45,75]
Check Table 3.4 for main cycle reactions and Tables 3.5-3.8 for
thermochemical properties of the main Cu-Cl cycle materials that
appear in the solid phase during the cycle
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Hydrogen
compression
system

Supporting
Combined
cycle

Hydrogen final pressure

700

bar

Number of compression stages
Pressure ratio of each stage except final
stage
Rankine cycle connected to the
intercoolers
RC1 operating pressure
RC2 operating pressure
RC3 operating pressure
RC4 operating pressure
ηis,C = 0.72
ηis,ST = 0.72

4

stages

Combustion chamber pressure

36

bar

Air compressor pressure ratio
hydrogen compressor pressure ratio
Rankine cycle operating pressure
ηis,GT = 0.72
ηis,ST = 0.72
ηis,C = 0.72

36
36
200

bar

[9,42]

5

20
20
20
30

bar
bar
bar
bar
[76]
[76]

[76]
[76]
[76]

The proposed integrated system for producing compressed hydrogen is shown in
Figure 3.12, which presents a new design concept for the five reactors of the Cu-Cl cycle
as well as how the SC is organized. The thermal energy driving the integrated system comes
from the SCWR though the steam generator, as shown in Figure 3.12. The supercritical
pump is used only to restore pressure losses through the steam generator. The parameters
and the outlet thermal energy of the SCWR are given in Table 3.9 [45]. Since the maximum
required steam temperature by the Cu-Cl cycle is 530oC and the SCWR can provide
temperatures up to 625oC, then the SCWR is more than perfect for integration with the CuCl cycle. Since the Cu-Cl cycle requires steam at atmospheric pressure, the supercritical
water of the nuclear reactor continues circulating in a closed circuit, and the steam that is
sent to the Cu-Cl cycle is on a different circuit. The current design of the Cu-Cl cycle is
described in detail in the following section.
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Figure 3.11 The schematic diagram System 2, which is nuclear-based integrated system for electrical power and hydrogen
production. The produced hydrogen is compressed in a five-stage hydrogen compression system, and the electrical power
requirements of the integrated system are fulfilled by the supporting Rankine cycle

The proposed design of the Cu-Cl cycle is shown in Figures 3.12-3.14 while the
main chemical reactions that take place in the cycle are listed in Table 3.10 (which is the
same as Table 3.4 but also included here for convenience).
Figure 3.14 shows the proposed steam circuit design for providing the Cu-Cl cycle
with the required heat and steam and recovered part of the heat released by the Cu-Cl cycle
itself. Figure 3.14 is also labeled with the names of the reactors in Figure 3.13. Water at
environment conditions is first heated (in heat exchanger E-110) by the steam exiting the
steam jacket of the dryer (B12). The generated steam (at 120oC in Figure 3.14) is
superheated by the heat recovered from the cooling solid CuCl in the heat exchanger B11
to 140oC. Steam exiting the heat exchanger B11 enters the steam jacket (E-104) of the CuCl
phase change reactors (B8 and B28) and exits at the very high temperature of 434oC.
The steam then enters the steam jacket (E-108) of the dryer and cools down to
265oC. The steam exiting the steam jacket of the dryer is split (through the splitter TEE101) to a ratio of 1 to 60 (mole basis). A significant portion of the split steam is sent back
to the heat exchanger E-101 and exits at 83.1oC; before being discarded to a lake (water
reservoir). The smaller portion is mixed (mixer MIX-100) with the excess steam exiting
the hydrolysis reactor and with the other steam mass used to circulate in a closed cycle for
heat exchange purposes.
Table 3.10 The Cu-Cl cycle reactions based on the five steps and the corresponding
operating conditions.
Step Reactor name
1

Hydrolysis reactor

2

Cu2OCl2 decomposition reactor

3

Hydrogen production reactor

Electrolysis reactor (requires 63
kJ/mol of electricity) [17]
5
Dryer
Source: [17,40]
4

Chemical reaction
H2 O(g) + 2CuCl2 (s) →
Cu2 OCl2 (s) + 2HCl(g)
1
Cu2 OCl2 (s) → 2 O2 (g) +
2CuCl(l)
2Cu(s) + 2HCl(g) →
2CuCl(l) + H2 (g)
4CuCl(aq) → 2Cu(s) +
2CuCl2 (aq)
CuCl2 (aq) → CuCl2 (s)

45

Temperature
range (oC)
375-400
500-530
430-475
30-80
>100

At this point, the mixed product enters the heat exchanger that exchanges heat with
the supercritical steam exiting the nuclear reactor. The resulting superheated steam first
enters the steam jacket of the Cu2OCl2 decomposition reactor (B6) and the preheater B5
and maintains the reactor temperature at 530oC. The steam exiting the steam jacket of B6
heats up the HCl and solid copper (in heat exchangers B17 and B18 in Figure 3.13 and E105 in Figure 3.14) to the operating temperature of the hydrogen reactor (B19), and then
enters the hydrogen reactor steam jacket (E-107). The steam exiting E-107 is sent to the
hydrolysis reactor (B3) steam jacket (E-100) to provide the heat required by the hydrolysis
reactor. The steam exiting E-100 is split in splitter TEE-100, part of which enters the
hydrolysis reactor and part of which is consumed, whereas the rest is sent to the MIX-100
to complete the upper steam circuit cycle.
The final two reactors in the Cu-Cl cycle Aspen Plus model that are not present in
the steam circuit model are the electrolysis reactor (B10) and the reactor B14. Reactors
B10 and B14 are not considered in the steam circuit model because they neither require
nor produce any heat. Reactor B14 is required to convert the solid form of CuCl2 in its
aqueous solution from mixed to cisolid solid type before feeding the aqueous solution to
the dryer (B12). It should be noted that the only material defined in the steam circuit is
water, and the heat rate (into or out of the water) is from the Aspen Plus model of the CuCl cycle. Not all the heat released while cooling the stream S34 is transferred to the water
due to temperature limitations. The HCS Aspen Plus flowsheet is shown in Figure 3.15,
while the Aspen Plus flowsheet of the SCC is provided in Figure 3.16. The HCS contains
four hydrogen compressors, four intercoolers, and four bottoming Rankine cycles. The first
three hydrogen compressors have a compression ratio of 5, and the fourth hydrogen
compressor has a discharge pressure of 700 bar. The intercooler generates steam for the
bottoming Rankine cycles, whose duty is to reduce the required power for the hydrogen
compression process through recovering heat from the intercoolers. The SCC takes in part
of the produced hydrogen and produce work rate to fullfill the integrated system
requirements of power. The SCC consist of two compressors (C5 and C6) as shown in
Figure 3.16. C5 compresses hydrogen and the C6 compresses the required air for the
combustion process. Both compressors have a compression ratio of 36. The molar ratio of
air to hydrogen is 9.18. The combustion chamber operating pressure is 36 atm. The
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combustion chamber is modeled using the RGibbs reactor model in Aspen Plus, which
carries the reaction between the reactants based on the Gibbs free energy minimization
approach. The Rankine cycle part of the combined cycle maximum operating pressure is
200 bar.
3.1.3 Solar-Based Hydrogen Production Plant (System 3)
The third developed concept for the hydrogen production plant utilizing the hybrid
electrical and thermochemical water decomposition cycle. The third concept contains the
following subsystems, based on the results of previous comparisons:


A heat production system: concentrated-solar thermal, using heliostats and a
collecting tower.



A hydrogen preparation system: a hydrogen compression system consisting of
multiple compression stages with intercoolers, which generate steam for bottoming
Rankine cycles.



A supporting system: a Rankine cycle that uses part of the heat generated by the
solar central receiver.



A cooling tower for condensing the water.
How the subsystems of hydrogen production plant System 3 interact with each

other is illustrated in Figure 3.17. The aim of this system is to propose an integrated
hydrogen production plant, which is completely dependent on solar thermal energy with
highly compressed hydrogen ready for usage in almost all fields that are hydrogen based.
The proposed hydrogen production plant consists of a solar heliostat farm integrated with
a hybrid electrical and thermochemical water decomposition cycle, a hydrogen
compression system integrated with Rankine cycles that work on the hydrogen
intercoolers, and a large Rankine cycle used to fulfill the electrical power needs of the plant
operated by heat from solar energy. The reason behind proposing this hydrogen production
plant is to provide an alternative for the usual Rankine cycle and to analyze the
functionality of the alternative, the hybrid thermochemical water decomposition cycle. The
alternative is the hybrid electrical and thermochemical water decomposition cycle that uses
the chemical couple copper and chlorine.
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Figure 3.12 The Aspen Plus flow sheet of the Cu-Cl cycle in the proposed integrated system.
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Figure 3.13 The Aspen Hysys flow sheet of the proposed steam circuit for the Cu-Cl cycle in the integrated system.

Figure 3.14 The hydrogen compression system (HCS) Aspen Plus simulation flowsheet.

Figure 3.15 The supporting combined cycle (SCC) Aspen Plus simulation flowsheet.
The second reason for using the hybrid electrical and thermochemical water
decomposition cycle with solar energy is the directly produced hydrogen from solar
thermal energy, which will bypass the electrical conversions in the middle when producing
hydrogen from heat by electrolysis. The third reason is that the proposed plant can store
day solar thermal energy in a form that has fewer losses in quality and quantity as a function
of storage time, since storing hydrogen has a higher efficiency level than electricity and a
much higher level than heat.
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The successful results of the proposed full hydrogen production plant will promote
research and the building of an experimental scale model of the hybrid electrical and
thermochemical water decomposition cycle that utilizes the copper-chlorine chemical
couple for converting heat to hydrogen. The hybrid electrical and thermochemical water
decomposition cycle that utilizes the copper-chlorine chemical pair is simulated in Aspen
Plus software, using its advantage over other chemical simulation software, such as Aspen
Hysys, with its ability to simulate solids and mixtures of solids and fluids. Since a hybrid
electrical and Cu-Cl cycle contains materials in their solid, liquid and gaseous states, Aspen
Plus will be the perfect tool for simulating the hydrogen production plant process and its
main components, which are a copper-chlorine cycle and the hydrogen compression
system. In the proposed hydrogen production plant, the hybrid copper-chlorine cycle
receives the required heat from the solar heliostat field and electricity from the supporting
Rankine cycle. The HCS will compress hydrogen to a very high pressure (700 bar). While
HCS have multiple Rankine cycles to reduce the required power by utilizing the heat from
the intercoolers and the rest from the SRC, SRC receives its required heat from the same
heliostat field. The heliostat field is based on the current running 5 MWth heliostat field
owned by Greenway CSP in Mersin, Turkey [77]. After the hydrogen plant is simulated on
Aspen Plus, energy and exergy analyses are performed. Figure 3.17 shows an overall view
of the proposed solar-based hydrogen production plant that is completely dependent on the
solar thermal energy coming from the heliostat farm. Table 3.11 shows the main parameters
of the hydrogen production plant. The solar light coming from the sun is reflected by the
heliostats to a central vacuum receiver. The central receiver heats up the molten salt, which
in turn heats up the water from 239oC and 55 bar to produce superheated steam at 550oC
and a pressure of 55 bar [77]. The solar generated superheat steam is used to heat up the
all the water steam flowing into the plant to a temperature of 239oC. The water exiting the
steam generator is sent back to the solar power to increase its temperature back again to
550oC. The pump is used to compensate any pressure losses through the steam generator.
Water enters the steam generator and is heated to 550oC. The superheated steam goes to
the hybrid electrical and thermochemical water decomposition cycle, which is based on the
copper-chlorine chemical couple (Cu-Cl cycle). The Cu-Cl cycle decomposes water into
hydrogen and oxygen. The produced hydrogen is then sent to the HCS to compress the
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hydrogen from 1 bar to 700 bar. An SRC then receives heat from the steam generator and
other inner preheat systems to produce the needed electrical power by the HCS and the CuCl cycle.
The proposed hydrogen production plant is simulated on Aspen Plus software, with
the exception of the heliostat field, which is modeled and simulated on engineering
equation solver (EES) software. Each subsystem simulation flowsheet is provided through
discussion of the model development of each of these subsystems.
The main heat rate provider in the hydrogen plant is the heliostat solar field. A
heliostat solar farm consists of a group of flat mirrors that reflect the light from the sun to
a fixed target, as shown in Figure 3.17. The heliostat solar farm produces superheated
steam, the generated steam part of which goes to the thermochemical water decomposition
cycle while the rest goes to the steam turbine for power generation to satisfy the
requirements of the hydrogen compression system. The heliostat solar farm was modeled
by using EES based on the model developed by Xu et al. [78], which was also used in the
work of Ratlamwala and Dincer [41]. A description of the mathematical model of the solar
heliostat farm is provided in the analysis section.
The Cu-Cl cycle decomposes water through thermochemical and electrical
processes to produce hydrogen and oxygen by low-temperature heat relative to that
required for the thermal decomposition of water. There are many different configurations
of the Cu-Cl cycle [20]. The Cu-Cl cycle configuration integrated into the system in this
research is the five-step Cu-Cl cycle, the main interactions of which are shown in Table
3.12 [17]. The reactions of the five-step Cu-Cl cycle are explained in more detail in the
following section, following which the methodology and the process of modeling the fivestep Cu-Cl cycle in Aspen are explained.
The first reaction in the five-step Cu-Cl cycle is the hydrolysis reaction, Reaction
number 1 as seen in Table 3.12. Superheated steam reacts with cupric chloride (CuCl2) in
the hydrolysis reaction to form copper oxychloride (Cu2OCl2) and hydrochloric acid (HCl)
[17]. The hydrolysis reactor must be maintained at a constant temperature between 325375oC [17].
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Figure 3.16 The third concept of the hydrogen production plant that utilizes the thermochemical hybrid water decomposition cycle,
which the copper-chlorine cycle.

Table 3.11 The main input parameters for the gasification system consisting of gasifier
GFEMA model for the gasifier, CASU, WGSMR and Brayton cycle, plus other supporting
systems.
Unit
Heliostat
field

Central
receiver

Molten salt

HSC

SRC
Cu-Cl

Main parameters
 Radiation intensity is 800 W/m2
 Overall field efficiency is 75% [78]
 Number of heliostats is 510 [77]
 Aperture area is 12.5 m2
 Inlet temperature of the molten salt is 290oC
 Outlet temperature of the molten salt is 565oC
 View factor equal to 0.8 [78]
 Tube diameter is 0.019 m [78]
 Tube thickness 0.00165 m [78]
 Emissivity is 0.8 [78]
 Reflectivity is 0.04 [78]
 Wind velocity for forced convection heat transfer is 5.0 m/s [78]
 Type: Mixture of 60% of NaNO3 and 40% of KNO3 [78]
 ρ = 2,090 − 0.636T (kg/m3) (temperature T in oC) [78]
 cp = 1443 + 0.172T (J/kgK) (temperature T in oC) [78]








k = 0.443 + 1.9 × 10−4 T (W/mK) (temperature T in oC) [78]
Compression ratio of the first three compression stages is 5
Discharge pressure of the final stage is 700 bar [9]
Compressed hydrogen final temperature is 25oC
Maximum pressure in the Rankine cycle is 12,600 kPa
Condenser operating pressure is 10 kPa
For Cu-Cl cycle, check Table 3.12 (which is similar to Tables 3.4
and 3.10 but presented again for reader convenience).

Table 3.12 The five steps in the copper-chlorine cycle with their corresponding reactions
and operating conditions.
Step Chemical reaction
1
H2 O(g) + 2CuCl2 (s) → Cu2 OCl2 (s) + 2HCl(g)
2
Cu2 OCl2 (s) → 0.5O2 (g) + 2CuCl(l)
3
4CuCl(aq) → 2Cu(s) + 2CuCl2 (aq)
4
CuCl2 (aq) → CuCl2 (s)
5
2Cu(s) + 2HCl(g) → 2CuCl(l) + H2 (g)
Source: [17,40]
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Temperature range (oC)
375-400
500-530
30-80
>100
430-475

Since the hydrolysis reaction is an endothermic reaction, this means that heat must
be continuously supplied to the reactor to maintain it and the reactants inside it at a constant
temperature between 325-375oC [17]. Wang et al. [12] suggested supplying steam
superheated at 400oC with the excess amount to the hydrolysis reactor. The excess steam
will force the chemical reaction equilibrium in the direction of the products since the
concentration of one of the reactants is increased.
The second reaction in the five-step Cu-Cl cycle is the thermal decomposition of
copper oxychloride (Cu2OCl2) to oxygen gas and a molten salt of cuprous chloride (CuCl),
as shown in the second step in Table 3.12. The thermal decomposition of the Cu2OCl2
reaction is an endothermic reaction, and the reactor temperature should be maintained
constant at 530oC to completely carry out the decomposition. Naterer et al. [13] provided
one method of supplying the reaction heat to maintain a constant reactor temperature at
530oC. Naterer et al. [13] also mentioned that the reaction heat can be supplied by looping
the molten CuCl that is heated by steam in a direct contact heat exchanger and then reintroducing it into a decomposition reactor. In the decomposition reactor, the CuCl gives
the heat to the reactants, resulting in producing oxygen gas and additional molten CuCl.
The suggestion of Naterer et al. [13] is not adopted in the following model since CuCl is
one of the decomposition reaction products and more of it in the reactor will shift the
reaction equilibrium in the reactants’ direction. The process used in this Cu-Cl cycle model
is steam, which is used to provide the necessary heat as well as maintain the reaction at the
specified temperature, as shown in Figure 3.17. During the decomposition of the Cu2OCl2
process, there is an intermediate step where Cu2OCl2 transforms at 500oC to a crystalline
structure of cupric oxide and cupric chloride (CuO × CuCl2 ). At a temperature of 530oC,
CuO × CuCl2 then decomposes into O2 gas and molten CuCl [17]. Since the Cu-Cl cycle is
a hybrid electrical and thermochemical water decomposition cycle, there is a step where it
requires an electrical energy. This is the third step in the five-step Cu-Cl cycle. The
electrolysis step reproduces cupric chloride (CuCl2), as shown in Table 3.12. In the
electrolysis reactor, CuCl2 and solid Cu are extracted electrochemically from aqueous
cuprous chloride (CuCl(aq)). The electrolysis reactor produces CuCl2 in an aqueous form
(CuCl2 × 2H2 O). CuCl2 × 2H2 O is dried in a drying reactor to produce the solid CuCl2.
Based on the work of Zamfirescu et al. [17], the electrolysis step requires 63 kJ of electrical
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energy per each mol of produced H2 in the five step Cu-Cl cycle. The water in the aqueous
material CuCl2 × 2H2 O is removed during the drying process, and the solid CuCl2 is
recycled back to the hydrolysis reactor (step 1) to complete one-half of the cycle, while the
other half is associated with the solid copper and HCl.
The hydrogen production reactor produces H2 and molten CuCl and receives hot
solid copper from the electrolysis reactor and HCl from the hydrolysis reactor. Cu and HCl
react in the hydrogen production reactor to produce CuCl and H2. The hydrogen production
reaction is an exothermic reaction with a reactant conversion percentage of 99% at a
reaction temperature of 100oC. However, since one of the requirements is having CuCl in
a liquid state, and the melting temperature of CuCl is 436oC (see Tables 3.5, 3.6, 3.7 and
3.8) according to Zamfirescu et al. [17] the reaction must occur at a temperature of 450oC.
Based on the Gibbs free energy minimization approach, 52.5% of the reactants is converted
to products at a reaction temperature of 450oC. Extra heat must then be provided to the
reactor to have 100% conversion of the reactants at a reaction temperature of 450oC.
Following the previous description of the five-step Cu-Cl cycle reactions, the next section
will discuss the process of building the Aspen Plus model for the Cu-Cl cycle.
Due to a lack of the solid properties of CuCl, CuCl2, CuO, and Cu2OCl2 in Aspen
Plus, these solid properties have to be manually entered for successful simulation of the
Cu-Cl cycle. The other manual user interference in the simulation process of Cu-Cl in
Aspen Plus is the phase changes between the liquid and the solid phases for defined
conventional solids. A stoichiometric reactor (Rstoic), Gibbs free energy minimization
reactor (RGibbs) or any other reactor should be defined for phase changes between solid
and liquid phases. In this research, a stoichiometric reactor is for phase changes from solid
to liquid or from liquid to solid in the Cu-Cl model. Properties and their correlations for
the main Cu-Cl cycle materials Cu2OCl2, CuO, CuCl2 and CuCl are provided in Tables 3.53.8. The property correlations in Table 3.12 should be entered in Aspen Plus before starting
to build the process. Properties and correlations in Tables 3.5-3.8 are for the solid phase of
CuCl, CuCl2, CuO, and Cu2OCl2 since the liquid phase properties are already available in
the Aspen Plus database.
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The description of the Aspen Plus model of the Cu-Cl cycle and the proposed CuCl configuration as explained in the light of Figures 3.17-3.19 is provided next. Figure 3.18
shows the Aspen Plus model of the Cu-Cl cycle, while Figure 3.19 shows the Aspen Hysys
flowsheet of the steam circuit in the Cu-Cl cycle. Aspen Hysys is used to simulate the CuCl cycle due to the ability of the Hysys to give inputs based on the outputs.
The heated Cu2OCl2 goes to the Cu2OCl2 decomposition reactor. Steam first heats
the HCl exiting the hydrolysis reactor; the HCl then enters the hydrogen production reactor.
The molten CuCl is first solidified in reactors B8 and B28 (see Figure 3.18) and then cools
down to 25oC. During the solidification and cooling down of the CuCl, steam is produced.
The cold CuCl (S39 and S35) enters the electrolysis reactor (B10 in Figure 3.18) with water
(S13) at ambient conditions. Exiting the electrolysis reactor aqueous CuCl2 that is sent to
the dryer, the dried CuCl2 is recycled back to the hydrolysis reactor. The second product
of the electrolysis reactor is solid copper (S25 in Figure 3.18), which is heated before
entering the hydrogen production reactor. The steam that was used to maintain the
temperature of the hydrogen production reactor at 450oC is used to preheat the compressed
water (K2 in Figure 3.20) exiting the SRC pump (P5 in Figure 3.20). The hydrogen
produced (S33 in Figure 3.17) is cooled down to ambient operating temperature and then
sent to the HCS. The oxygen (S11 in Figure 3.17) that exits the Cu2OCl2 decomposition
reactor heats up the water that is heading to the steam generator.
For storage, hydrogen can be compressed or liquefied. The method used in this
study is compressing hydrogen to high pressures and then storing it in gas cylinders [31].
The storing pressure can vary between 350-700 bar based on the required size of the storage
tank which will also vary between 0.043 to 0.025 m3 for 1 kg of hydrogen [31]. A
compression system, consisting of four stages with intercoolers, is developed and simulated
on Aspen Plus, as shown in Figure 3.20.
The four-stage compression system increases the pressure of the hydrogen from 1
bar to 700 bar. To reduce the required work, four simple Rankine cycles are integrated with
the compression system through the intercoolers.
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Figure 3.17 The Aspen Plus flow sheet of the Cu-Cl cycle for hybrid electrical and thermochemical decomposition of water for largescale hydrogen production.
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Figure 3.18 The Aspen Hysys flow sheet of the heating circuit of the Cu-Cl cycle using steam generated by the solar
heliostat farm.

Figure 3.19 The Aspen Plus flow sheet of the hydrogen compression system, which is used
to compress hydrogen from 1 bar (hydrogen exiting the Cu-Cl cycle) to 700 bar for
pressurized gas storage.
As shown in Figure 3.20, hydrogen produced by the Cu-Cl cycle (stream 1 in Figure
3.20) enters compressor C1. The pressure ratio of the first compression stage is 5. The
hydrogen exiting compressor C1 enters the heat exchanger HX1 (intercooler) where steam
is produced at a pressure of 20 bar (stream R2) by receiving heat from the compressed
hydrogen. Cooled compressed hydrogen stream 3 exits HX1 and enters the second
compression stage. The pressurized water exits the heat exchanger HX1 (stream R2) as
superheated steam. Steam turbine ST1 receives the superheated steam and extract the
thermal energy from it and produces power. That which exits ST1 goes to the condenser,
and is then pumped by pump P1 to a pressure of 20 bar. The remaining stages have the
same operation as the first stage. To provide the needed power for compressing the
produced hydrogen and for other power consuming devices, a simple supporting Rankine
cycle (SRC) operating at a pressure of 12,600 kPa is developed. The water is pumped,
preheated by steam flow rates from the Cu-Cl cycle and then superheated in the steam
generator. The superheated steam is expanded in steam turbine ST5.
3.1.4 Nuclear-Based Hydrogen Production Plant (System 4)
The design of the fourth concept for a hydrogen production plant that utilizes the four-step
Cu-Cl cycle contains the following subsystems, based on the results of the previously made
comparisons:


A heat production system: SCWR, which provide the integrated system with the
required thermal energy in the form of superheated steam at supercritical
conditions.
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A hydrogen preparation system: a hydrogen compression system consisting of a
four-stage with intercoolers. The intercoolers generate steam for bottoming
Rankine cycles.



A supporting system: a Rankine cycle that uses part of the heat generated by the
nuclear reactor.



A cooling tower for condensing the water.
How the subsystems of hydrogen production plant System 4 interact with each

other is shown in Figure 3.21. The aim of generating this plant concept is to propose a
novel nuclear-based hydrogen and power production plant that utilizes the four-step Cu-Cl
cycle, where the hydrogen produced is in a compressed state, and to promote the Cu-Cl
cycle model that is being developed at the University of Ontario Institute of Technology
(UOIT). The hydrogen in the proposed integrated system is produced from a four-step CuCl cycle. The hydrogen is compressed in the proposed integrated system because, in a real
hydrogen production plant, hydrogen must be produced in a state that allows it to be
economically and physically storable. Since the Cu-Cl cycle is a hybrid thermochemical
and electrical water decomposition cycle, the process of delivering thermal energy to the
cycle reactors is of a critical importance, because steam at 429oC cannot provide the
necessary thermal energy to one of the cycle reactors that needs to be maintained at 530oC
in order for the reaction to take place. In this research, a clear and realistic steam/water
circuit is proposed to deliver the heat to the four-step Cu-Cl cycle reactors. The steam/water
circuit is designed to reduce the losses as much as possible. The integrated system has a
Rankine cycle for power production. The Rankine cycle produced power is used to supply
the Cu-Cl cycle with the required electrical power and provide the compression system
with the needed power to compress the produced hydrogen. The resulting excess power
will be delivered to the electrical grid. Figure 3.21 shows a nuclear-based integrated system
schematic diagram, which includes the four-step Cu-Cl cycle.
Figure 3.23 shows the designed and developed Aspen Plus model for the integrated
system. The integrated system consists of a supercritical water-cooled nuclear reactor
(SCWR) which produces thermal energy in the form of superheated supercritical steam, a
four-step Cu-Cl cycle, a supporting power production Rankine cycle, and a four-stage
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hydrogen compression system. A detailed description of the Cu-Cl cycle is first presented,
followed by a description of the overall system with an explanation of how the different
systems interact together, accompanied by a description of the Aspen Plus model for the
integrated system.
The Cu-Cl cycle has been identified by the Atomic Energy of Canada Limited
corporation as a promising technology for the decomposition of water through a hybrid
thermochemical and electrical process, with its thermal energy coming from the next
generation supercritical water-cooled nuclear reactors. The Cu-Cl cycle has this potential
due to its relatively low-temperature requirements and potentially lower cost of materials
[18,31]. UOIT, Canadian Nuclear Laboratories (formerly knowns as: Atomic Energy of
Canada Limited), the Argonne National Laboratory in the United States, Pennsylvania
State University, and other partnered institutions are working on scaling up the Cu-Cl
cycle, for use in industrial applications [31].
Many different schemes of the Cu-Cl cycle have been proposed in the literature;
these different schemes differ in the number of steps that are required to complete the cycle
and the type of reactions in these steps [14,46]. Although there are many different types of
Cu-Cl cycle, all of them share the same overall chemical reaction, which is water
decomposition to hydrogen (H2) and oxygen (O2). The type of Cu-Cl cycle integrated into
the proposed nuclear-based integrated system is the four-step Cu-Cl cycle, which is
currently being experimentally and theoretically investigated by the Clean Energy
Research Laboratory at UOIT. A schematic diagram of the main interactions that occur in
the four-step Cu-Cl cycle is shown in Figure 3.22, consisting of the four main chemical
reactions (cycle steps) as described below:
Step 1: The hydrolysis reaction, one of the reaction requirements of which is to maintain
the hydrolysis reactor at a temperature between 370oC and 400oC:
2CuCl2 (s) + H2 O(g) → Cu2 OCl2 (s) + 2HCl(g)

(3.15)

Step 2: The copper oxychloride (Cu2OCl2) decomposition reaction where the Cu2OCl2
decomposition reactor is required to be maintained at a temperature between 500oC and
530oC:
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Cu2 OCl2 (s) → 2CuCl(l) + 0.5O2 (g)

(3.16)

Step 3: The electrolysis reaction is as follows (temperature requirement is to be less than
100oC and higher than 25oC):
2CuCl(aq) + HCl(g) → H2 (g) + CuCl2 (aq)

(3.17)

Step 4: Drying the aqueous cupric chloride in the dryer at temperatures between 80 oC and
100oC:
CuCl2 (aq) → CuCl2 (s) + H2 O(g)

(3.18)

The energy source for the integrated system is the nuclear reactor SCWR. This
thesis adopts the SCWR main operating parameters from the literature [45].
First, the supercritical gas-like water exiting the SCWR (S43) enters the water
jacket of the Cu2OCl2 decomposition reactor (B6) providing the necessary thermal energy
to the reactor, then exits the water jacket (S44) and heads to the hydrolysis reactor (B1).
The supercritical fluid (S43) entering the water jacket of the Cu2OCl2 decomposition
reactor (B6) provides the required thermal energy to carry out the decomposition of the
Cu2OCl2 according to Equation (2). The supercritical fluid exits the hydrolysis reactor (B6)
water jacket (S46) and is sent to the steam generator where it generates steam for the PSR
cycle. The supercritical fluid (S48) then returns to the SCWR. As previously mentioned,
the only interaction between the supercritical fluid of the SCWR with the Cu-Cl cycle
provides the required thermal energy for the hydrolysis and the Cu2OCl2 decomposition
reactors. The remainder of the thermal energy necessary for the remaining reactors or heat
exchanger is through heat recovery from other heat producing devices in the cycle, which
is the steam circuit. The first steam circuit charging phase (absorbing thermal energy) starts
with water coming from ambient conditions (S26) that is heated by the cooling solidified
CuCl (S13) to (S14) through the heat exchanger (B17 and B10) to produce a saturated
mixture (S27). S27 is then mixed (in mixer B19) with the steam (S21) exiting the dryer
(B14) and the result is saturated steam (S22) that will absorb the latent heat released during
the solidification of the molten CuCl (S10) and produce a superheated steam (S28).
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Figure 3.20 The schematic diagram of the nuclear-based integrated system for electrical
power and hydrogen production. The produced hydrogen is compressed in a four-stage
hydrogen compression system, and the electrical power requirements of the integrated
system are fulfilled by the supporting Rankine cycle
The second phase begins when the superheated steam (S28) heats the Cu2OCl2 (S6)
to the operating temperature of the Cu2OCl2 decomposition reactor (B6) before entering
the Cu2OCl2 decomposition reactor. Then it heats the water before entering the hydrolysis
reactor and also heats the solid CuCl2 (in heat exchanger B20 and B3) to the operating
temperature of the hydrolysis reactor. The heating water exiting B20 provide the necessary
thermal energy to the dryer (B14) and then mixes with heated water (S24) exiting the water
and oxygen heat exchanger (B8) and the mixture (S42) is conveyed to the PSR cycle The
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PSR cycle receives the saturated mixture water with small vapor fraction and mixes it with
water that recovered heat from water exiting the turbine to produce lower quality water
(S50). This water enters a vapor-liquid separator, recovering part of the thermal energy in
the vapor exiting the vapor-liquid separator by preheating water from ambient conditions
(S4).

Figure 3.21 The main interactions that occur in the four-step Cu-Cl cycle for
thermochemical water decomposition in the integrated system.
The liquid exiting the vapor-liquid separator (S61) is pumped to 200 bar and then
superheated by the supercritical fluid to produce superheated steam at 621oC (S53). This
superheated steam expands through the steam turbine (B32) to produce electrical power
that is used to cover the electrolysis reactor needs plus the needs for the hydrogen
compression system (HCS) and other work consuming devices such as pumps. pressure of
700 bar.
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Figure 3.22 The Aspen Plus flow sheet for the simulation of the integrated nuclear-based
electrical power and hydrogen production plant.
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Table 3.13 The main parameters in the proposed integrated system, consisting of SCWR,
Cu-Cl cycle, supporting combined cycle, and hydrogen compression system (Aspen Plus
blocks or stream names are listed in parentheses and refer to the Aspen Plus model in Figure
3.23).
Component
SCWR

Cu-Cl cycle

Hydrogen
compression
system

Parameter
Value Unit
Ref.
o
Temperature of steam exiting reactor (S43)
625
C
[45,75]
o
Temperature of water returning to reactor 350
C
[45,75]
(S48)
Operating pressure of nuclear reactor
25
MPa
[45,75]
Thermal energy output
2,540 MW
[45,75]
Supercritical steam mass flow rate
1,320 kg/s
[45,75]
o
Tmax cladding
850
C
[45,75]
Four-step hybrid thermochemical and electrical water decomposition
cycle
o
Hydrolysis reactor (B1) operating temperature 400
C
[57,58]
Hydrolysis reactor (B1) operating pressure
1
bar
[57,58]
o
Oxygen production reactor (Cu2OCl2 530
C
[57,58]
decomposition reactor) (B6) operating
temperature
Oxygen production reactor (Cu2OCl2 1
bar
[57,58]
decomposition reactor) (B6) operating
pressure
o
Electrolysis
reactor
(B11)
operating 25
C
[57,58]
temperature
Electrolysis reactor (B11) operating pressure 1
bar
[57,58]
Electrolysis reactor (B11) electrical unit 55.0
kJ/mol [46,57]
energy requirements
H2
Amount of H2O added to the electrolysis 20
mol
reactor.
o
Dryer (B14) operating temperature (higher 110
C
than required to superheat the evaporated
water)
o
Dryer (B14) drying temperature
100
C
[57,58]
Dryer (B14) operating pressure
1
bar
[57,58]
Solid phase properties of the materials in the Cu-Cl cycle are reported in
Table 3
Hydrogen final pressure
700
bar
[9,42]

Number of compression stages
Pressure ratio of each stage except final stage
Rankine cycle connected to intercoolers
RC1 operating pressure
RC2 operating pressure
RC3 operating pressure
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4
5

stages

20
20
20

bar
bar
bar

Supporting
Rankine
cycle

RC4 operating pressure
ηis,C
ηis,ST
Rankine cycle operating pressure

30
0.72
0.72
200

ηis,ST

0.72

bar
[76]
[76]
bar

[76]

The four-stage HCS compresses the hydrogen produced from the Cu-Cl cycle to a
pressure of 700 bar. The first three stages have a compression ratio of 5 and the fourth stage
has a discharge. The produced hydrogen (S17) enters the HCS first compression stage,
which compresses the hydrogen from 1 bar to 5 bar; the temperature of the hydrogen rises
from 25oC to 291oC across the first compression stage. The hydrogen exiting each
compression stage is cooled in heat exchangers, which act as a steam generator for the
bottoming Rankine cycles that are added, to recover the heat and reduce the overall
electrical power required to compress the hydrogen. The remaining three compression
stages use the same procedure to finally produce hydrogen at 700 bar and 25oC (9).
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Chapter 4: Thermodynamic Analysis
In this chapter the detailed thermodynamic analysis of the four proposed system will be
presented, plus the main assumptions made during the simulation and the calculations of
the thermodynamic parameters.
4.1 Assumptions
In this section the assumptions made during the development and analysis of the hydrogen
and power production plant are presented for each system of the four developed systems.
The property methods used to find the properties of the materials in the four systems is also
included in this section. The assumptions made:
For System 1:
Some assumptions are made for the analyses of the system components as follows:


The hydrogen production plant operates at steady state conditions



The hydrogen production plant starting up period is not considered



The kinetic and gravitational potential energies changes are neglected throughout
the plant



All gases in the system are treated as real gases (exception for this assumption is
for the gases in the chemical exergy equation, they are treated as ideal gases)



The electrical generator thermal efficiency is ηgen = 95%

The property sources used in Aspen Plus simulation are given as follows:
For H2O:


The 1984 NBS/NRC: Steam table correlations for thermodynamic properties are
used for H2O.



The International Association for Properties of Steam (IAPS) correlations for
transport properties for H2O (Aspen Plus property method: STEAMNBS for the
temperature range of 273.15 K to 2000 K at a maximum pressure of over 10,000
bar) are used.
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For all of the remaining fluids in the hydrogen production plant, the following property
methods are employed:


The general model for real components (Aspen Plus property method: RKSOAVE).



As a second choice, the Redlich-Kwong-Soave (RKS) cubic equation of state with
the Boston-Mathias alpha function.

For coal, the following property methods are used:


ASTM Standard D5865-07a for measuring the gross calorific value of coal.



The Boie correlation for calculating the heat of combustion.



The Kirov correlation for calculating coal’s heat capacity (Aspen Plus option:
HCOALGEN).



The coal density is evaluated based on equations from [79] (Aspen Plus option:
DCOALIGT).
o Input data to Aspen Plus for each type of coal are as follows:





Proximate analysis (wet, mass basis).



Ultimate analysis (dry, mass basis).



Sulfuric analysis (wet, mass basis).

The solid phase properties of CuCl, CuCl2, Cu2OCl2, and CuO, are listed in Tables
3.5, 3.6, 3.7 and 3.8 respectively.

Assumptions that are more specific for each of the subsystems of the overall systems are
presented here.
Specific assumptions made for the gasifier:


All gas and solid mixtures in the system are homogenous.



The pressure drops are negligible in the gasifier components.



The main syngas products can be taken to be CO, H2, and CO2 for the model
validation.

For combustion chambers and the heat exchanger unit:


Pressure drops are neglected.
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The combustion is based on Gibbs free energy minimization approach.



The heat loss in the HRSG is 10% of the total exchanged heat.



The heat loss is 10% of the total exchanged heat in the in other heat exchangers in
the system (unless otherwise stated).

For gas turbines:


The gas turbines are adiabatic (i.e., to incur no heat losses).



The isentropic efficiency of all gas turbines are ηis,GT = 0.72 [76].

For the CASU:


The condensing fluid in the distillation column occur at a temperature of -179oC.



In the distillation column, the condenser operating temperature is very low which
requires a refrigerator system to maintain that low temperature for the fluid to
condense. The refrigerator system has a COP = 2. COP = 2 was selected based on
the results of the parametric study shown in Figure 4.1. Figure 4.1 indicates that
the value of COP that the energy and exergy of the system stay nearly constant at
2.

Figure 4.1 The variation of the overall energy and exergy efficiencies and the CASU
energy and exergy efficiencies.
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For copper-chlorine cycle:


No heat losses occur in the copper-chlorine cycle heat exchangers



Electrical power requirement by the electrolysis reactor is 63 kJ/mol H2 [17]



Electrical power generator efficiency is 95%

For hydrogen compression system:


The isentropic efficiency of all steam turbines can be taken to be ηis,ST = 0.72 [76]



The steam turbines can be considered adiabatic (i.e., to incur no heat losses)



The hydrogen compressors can be regarded as adiabatic (i.e., to incur no heat
losses)



The isentropic efficiency for all hydrogen compressors can be taken to be ηis,GT =
0.72 [76]

For the hydrogen-fueled combined cycle:


The isentropic efficiency of all steam turbines can be taken to be ηis,ST = 0.72 [76]



The steam turbines can be considered adiabatic (i.e., to incur no heat losses)



The hydrogen compressors can be regarded as adiabatic (i.e., to incur no heat
losses)



The isentropic efficiency for all hydrogen compressors can be taken to be ηis,GT =
0.72 [76]



The combustion chamber oxidant is air



The combustion is carried out based on Gibbs free energy minimization approach
(Gibbs reactor)



Hydrogen compressor has a compression ratio of 36 [31]



Air compressor has a compression ratio of 36 [31]



The Rankine cycle has a maximum pressure of 200 bar

For System 2:
The main assumptions made during the development process of the proposed integrated
system of the SCWR, Cu-Cl cycle, HCS, and SCC and they are as follows:
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Steady state condition is applied to all components of the integrated system.



No startup period is considered.



The energy changes that associated with gravitational and kinetic energies are no
taken into consideration.



The electrical generator efficiency is 95%.



Heat losses in the heat exchangers are neglected.



Due to the high average capacity factor of the nuclear reactors, the analysis
considers the reactors operates at steady state conditions [45,80].



Reference temperature and pressure for exergy calculations are 25oC and 1 atm.



Pressure losses are neglected in all heat exchangers.



Compressors and turbines operate under adiabatic conditions.
An important step in building the Aspen Plus model and successfully running the

simulation is selecting the appropriate property method. The properties chosen for the
construction of the models are as follows:
Aspen Plus selected property methods:


For H2O: Steamnbs for the temperature range of 273 K to 2000 K at a maximum
pressure of over 10,000 bar.



For the remaining materials: Rk-Soave.

Aspen Hysys selected property methods:


For H2O: NBS steam.

For System 3:
A group of assumptions are made during the modeling and simulation of the proposed
hydrogen production plant:


The hydrogen production plant is operating through steady state conditions, at the
instance were the solar heliostat system is producing 5MWth power.



Starting up period is not considered.
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Energy changes associated with elevation and kinetic energy are neglected
throughout the plant.



Gasses are treated as real gasses (exception for is the calculations of the chemical
exergy, they are treated as ideal gasses).



Efficiency of the conversion process from work rate to electrical power is ηgen =
95%.

Property sources selected from Aspen Plus data based in order to carry out the simulation
are as follows:


Steam tables used are: the 1984 NBS/NRC steam tables.



Aspen Plus property method: Steamnbs for H2O and for a temperature range of
273K to 2,000 K. The maximum pressure is over 10,000 bar.



Aspen Plus property method: Rk-soave.



The solid phase properties of CuCl, CuCl2, Cu2OCl2, and CuO, are listed in Tables
4.5, 4.6, 4.7 and 4.8.

Assumptions that are more specific for each of the subsystems of the overall systems are
presented here.


The pressure losses are neglected through the heat exchangers



The heat loss is 10% of the total exchanged heat in the in other heat exchangers in
the system (unless otherwise stated)



No heat losses associated with the Cu-Cl cycle heat exchangers



Electrolysis reactor requires 63 kJ per each mol of H2 is produced [17]



Steam turbines have ηis,ST = 0.72 [76]



Steam turbines are assumed adiabatic



Hydrogen compressors are assumed adiabatic



Hydrogen compressors have ηis,co = 0.72 [76]



Mechanical efficiency of compressors is 95% [81]
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The following assumptions are made during the design, development and analysis of the
integrated hydrogen and electrical power production system consisting of a SCWR, a fourstep Cu-Cl cycle, a HCS, and a PSR:


All components operate at steady-state conditions



The startup period is not considered



Changes in gravitational and kinetic energies are neglected



The electrical generator energy efficiency (ηgen ) is 95%



Heat losses are neglected in heat exchangers



Pressure drops are neglected in heat exchangers



Heat losses are neglected in turbines and compressors
The reference environment conditions are taken to be 25oC and 1 atm. A successful

simulation of the integrated system requires the proper selection of property methods for
the different categories of materials involved. The following property methods are used for
the integrated system:


Steamnbs is selected because it can accommodate supercritical water (for a
temperature range of 273 K to 2000 K and a maximum pressure of over 10,000 bar)



Properties for solid phase materials in the Cu-Cl cycle from other sources are listed
in Table 3 and are entered into Aspen Plus



Solid is used for other materials



Peng-Robinson (Peng-Rob) is used for gases

4.2 Thermodynamic Analysis of System 1
For the gasification system consisting of gasifier GFEMA model for the gasifier, CASU,
WGSMR and Brayton cycle plus another system utilizes main input parameters are
presented in Table 4.3.
General steady-state thermodynamic rate balance equations for mass and energy,
for open systems and with kinetic and gravitational potential energies neglected follow:
∑ ṁin = ∑ ṁout

(4.1)

Q̇ in − Q̇ out + Ẇin − Ẇout = ∑out ṁ(hP&T − hTo &Po + hf ) − ∑in ṁ(hP&T − hTo &Po + hf )(4.2)
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where ṁ is the mass flow rate, Q̇ is the heat rate, Ẇ is the work rate, h is the specific
enthalpy, and the subscripts in and out denote input and output. The energy and exergy
balance equations for each component in the system are presented in Tables 4.1-4.3 for
each of the components in Figures 3.7-3.10 respectively.
Table 4.1 The energy and exergy balance equations for the components of the system
shown in Figure 3.7, the subscripts refer to the component name, and stream names in
Figure 3.7.
Component
B1
(compressor)

Energy balance equation
ṁAS1 hAS1 + Ẇin = ṁAS2 hAS2

Exergy balance equation
ṁAS1 exAS1 + Ẇin = ṁAS2 exAS2 +
Ėxd

B11 (heat
exchanger)

ṁAS3 hAS3 − ṁAS3 hAS3 =
(ṁAS10 hAS10 −
ṁAS16 hAS16 ) + ( ṁAS7 hAS7 −
ṁAS17 hAS17 )

ṁAS3 exAS3 − ṁAS3 exAS3 =
(ṁAS10 exAS10 − ṁAS16 exAS16 ) +
( ṁAS7 exAS7 − ṁAS17 exAS17 ) + Ėxd

B3 (pressure
valve)

ṁAS3 hAS3 = ṁAS4 hAS4

ṁAS3 exAS3 = ṁAS4 exAS4 + Ėxd

B4 (distillation ṁAS4 hAS4 + Q̇ RB =
column)
ṁAS5 hAS5 + ṁAS6 hAS6 + Q̇ RC

ṁAS4 exAS4 + ĖxQ̇

RB

=

ṁAS5 exAS5 + ṁAS6 exAS6 + Ėxd +
ĖxQ̇
RC

RC

1

B5 (pressure
valve)
B6 (pressure
valve)
B12 (N2
turbine)
QQ (heat
exchanger)
Pump-W
STMG1 (heat
exchanger)
Compres2 (O2
compressor)
Ryield (Yield
reactor)

Q̇Rc + ẆRC = Q̇ out

ĖxQ̇

ṁAS5 hAS5 = ṁAS10 hAS10

ṁAS5 exAS5 = ṁAS10 exAS10 + Ėxd

ṁAS6 hAs6 = ṁAS7 hAS7

ṁAS6 exAs6 = ṁAS7 exAS7 + Ėxd

ṁAS16 hAS16 − ṁAS18 hAS18 =
ẆB12
ṁAS18 hAS18 − ṁAS18 hAS18 =
Q̇QQ

ṁAS16 exAS16 − ṁAS18 exAS18 =
ẆB12 + Ėxd
ṁAS18 exAS18 − ṁAS18 exAS18 =
ĖxQ̇ + Ėxd

ṁZ2 hZ2 + Ẇin = ṁz3 hZ3
ṁZ3 hZ3 + Q̇in =
ṁttsteam httsteam
ṁAS17 hAS17 + Ẇin =
ṁoxygen hoxygen
ṁcoal LHVcoal + Q̇ DECOMP1 =
ṁpyrprd LHVpyrprd

ṁZ2 exZ2 + Ẇin = ṁz3 exZ3 + Ėxd
ṁZ3 exZ3 + ĖxQ̇ =
in
ṁttsteam exttsteam + Ėxd
ṁAS17 exAS17 + Ẇin =
ṁoxygen exoxygen + Ėxd
ṁcoal excoal = ĖxQ̇
+
DECOMP1
ṁpyrprd expyrprd + Ėxd
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Rc

+ ẆRC = ĖxQ̇

out

+ Ėxd

QQ

Gasifica
(Gibbs free
energy
minimization
reactor)

ṁttsteam httsteam +
ṁoxygen hoxygen +
ṁpyrprd LHVpyrprd −
Q̇DECOMP1 = ṁproduct hproduct

ṁttsteam exttsteam +
ṁoxygen exoxygen +
ṁpyrprd expyrprd − ĖxQ̇

GT2 (gas
turbine)
Cooling
(mixer)
QO and
STMG2 (heat
exchanger)
HX10 (heat
exchanger)
Pump-W2
Hwgmrp1
(stoichiometric
reactor2)
Hwgmrp2
(separator)
MRP3
(pressure
valve)
Compr1 (air
compressor)
Tfcomp
(treated syngas
compressor)
Comb (Gibbs
free energy
minimization
reactor)
GT (gas
turbine)

ṁproduct hproduct = ṁZ6 hZ6 +
Ẇout
ṁsteam2 hsteam2 + ṁZ6 hZ6 =
ṁS1 hS1

ṁproduct exproduct = ṁZ6 exZ6 +
Ẇout + Ėxd
ṁsteam2 exsteam2 + ṁZ6 exZ6 =
ṁS1 exS1 + Ėxd
ṁklp exklp = ĖxQ̇
+

ṁklp hklp = Q̇out +
ṁsteam2 hsteam2

DECOMP1

=

ṁproduct exproduct + Ėxd

out

ṁsteam2 exsteam2 +Ėxd

ṁs1 hs1 − ṁs6 hs6 =
ṁklp hklp − ṁz5 hz5
ṁz4 hz4 + Ẇin = ṁz5 hz5

ṁs1 exs1 − ṁs6 exs6 = ṁklp exklp −
ṁz5 exz5 +Ėxd
ṁz4 exz4 + Ẇin = ṁz5 exz5 +Ėxd

ṁs6 hs6 = Q̇out + ṁs7 hs7

ṁs6 exs6 = ĖxQ̇

ṁs7 hs7 = ṁs24 hs24 + ṁs9 hs9

ṁs7 exs7 = ṁs24 exs24 + ṁs9 exs9 +
Ėxd

ṁs9 hs9 = ṁs10 hs10

ṁs9 exs9 = ṁs10 exs10 + Ėxd

ṁs12 hs12 + Ẇin = ṁs13 hs13

ṁs12 exs12 + Ẇin = ṁs13 exs13 +
Ėxd

ṁs24 hs24 + Ẇin = ṁs14 hs14

ṁs24 exs24 + Ẇin = ṁs14 exs14 +
Ėxd

ṁs13 hs13 + ṁs14 hs14 =
ṁs16 hs16 + Q̇out

ṁs13 exs13 + ṁs14 exs14 =
ṁs16 exs16 + ĖxQ̇
+ Ėxd

out

+ ṁs7 exs7 +Ėxd

out

ṁs16 exs16 = ṁs18 exs18 + Ẇout +
Ėxd
ṁs18 exs18 = ṁs19 exs19 + ĖxQ̇
+
Hx-P1 (heat
out
ṁs18 hs18 = ṁs19 hs19 + Q̇ out
exchanger)
Ėxd
ṁs19 exs19 = ṁexhu exexhu +
STMGG (heat ṁs19 hs19 = ṁexhu hexhu +
ĖxQ̇
+ Ėxd
exchanger)
Q̇out
out
1 The refrigerator system used to remove the heat from the condensing fluid in the
distillation column in the condenser is not simulated in the Aspen Plus model, however it
is considered in the energy analysis
2 Stoichiometric reactor is a reactor that carries the reaction based on the conversion
percentage of one of the reactants set by the user, with mass and energy balance
ṁs16 hs16 = ṁs18 hs18 + Ẇout
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Table 4.2 The energy and exergy balance equations for the components of the system
shown in Figure 3.8, the subscripts refer to the component name, and stream names in
Figure 3.8.
Component
B1(heat
exchanger)
B2(heat
exchanger)
B3(stoichiometric
reactor1)
B4(separator)
B5(heat
exchanger)
B6(stoichiometric
reactor1)
B7(separator)
B8(stoichiometric
reactor1, used for
phase change)

Energy balance
equation
ṁs1 hs1 = ṁs3 hs3 +
Q̇out
ṁs17 hs17 = ṁs4 hs4 +
Q̇out

Exergy balance equation
ṁs1 exs1 = ṁs3 exs3 + ĖxQ̇

out

ṁs17 exs17 = ṁs4 exs4 + ĖxQ̇

+ Ėxd

out

+ Ėxd

ṁs3 hs3 + ṁs4 hs4 +
Q̇in = ṁs5 hs5

ṁs3 exs3 + ṁs4 exs4 + Ėxd + ĖxQ̇ =
in
ṁs5 exs5

ṁs5 hs5 = ṁs6 hs6 +
ṁs7 hs7
ṁs31 hs31 + Q̇in =
ṁs8 hs8
ṁs8 hs8 + Q̇in =
ṁs9 hs9
ṁs9 hs9 = ṁs11 hs11 +
ṁs10 hs10

ṁs5 exs5 = ṁs6 exs6 + Ėxd + ṁs7 exs7

ṁs36 hs36 = Q̇out +
ṁs30 hs30

ṁs31 exs31 + ĖxQ̇

in

ṁs8 exs8 + ĖxQ̇

= ṁs9 exs9 + Ėxd

ṁs9 exs9 = ṁs11 exs11 + ṁs10 exs10 +
Ėxd
ṁs36 exs36 = ĖxQ̇
+ ṁs30 exs30 +
Ėxd

ṁs39 hs39 +
B9(mixer)
ṁs35 hs35 +
ṁs13 hs13 = ṁs14 hs14
B10(stoichiometric ṁs14 hs14 + Ẇe =
reactor1)
ṁs15 hs15
ṁs34 hs34 =
B11(heat
exchanger)
ṁs41 hs41 + Q̇out
ṁs20 hs20 + Q̇in =
B12(Dryer)
ṁs22 hs22 + ṁs21 hs21
ṁs15 hs15 =
B13(separator)
ṁs18 hs18 + ṁs19 hs19
B14(stoichiometric
ṁs18 hs18 = ṁs20 hs20
reactor1)
ṁs2 hs2 − ṁs17 hs17 =
(ṁs23 hs23 −
B15(heat
ṁs16 hs16 ) +
exchanger)
(ṁs11 hs11 −
ṁs28 hs28 )
ṁs7 hs7 = ṁs24 hs24 +
B16(separator)
ṁs23 hs23
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in

= ṁs8 exs8 + Ėxd

out

ṁs39 exs39 + ṁs35 exs35 +
ṁs13 exs13 = ṁs14 exs14 + Ėxd
ṁs14 exs14 + Ẇe = ṁs15 exs15 + Ėxd
ṁs34 exs34 = ṁs41 exs41 + ĖxQ̇
+
out
Ėxd
ṁs20 exs20 + ĖxQ̇ = ṁs22 exs22 +
in
ṁs21 exs21 +Ėxd
ṁs15 exs15 = ṁs18 exs18 +
ṁs19 exs19 + Ėxd
ṁs18 exs18 = ṁs20 exs20 + Ėxd
ṁs2 exs2 − ṁs17 exs17 = (ṁs23 exs23 −
ṁs16 exs16 ) + (ṁs11 exs11 −
ṁs28 exs28 ) + Ėxd
ṁs7 exs7 = ṁs24 exs24 + ṁs23 exs23 +
Ėxd

ṁs24 hs24 + Q̇in =
ṁs24 exs24 + ĖxQ̇ = ṁs26 exs26 +Ėxd
in
ṁs26 hs26
̇
ṁs40 exs40 + ExQ̇ = ṁs25 exs25 +
ṁs40 hs40 + Q̇in =
in
ṁs25 hs25
Ėxd
ṁs25 hs25 +
ṁs25 exs25 + ṁs26 exs26 + ĖxQ̇ =
B19(stoichiometric
in
̇
m
̇
h
+
Q
=
1
s26 s26
in
reactor )
̇
m
̇
ex
+
E
x
s27 s27
d
ṁs27 hs27
ṁs32 hs32 −
ṁs32 exs32 − ṁs29 exs29 =
B20(heat
ṁs29 hs29 =
exchanger)
ṁs40 exs40 − ṁs19 exs19 + Ėxd
ṁs40 hs40 − ṁs19 hs19
ṁs10 hs10 −
B21(heat
ṁs10 exs10 − ṁs36 exs36 =
ṁs36 hs36 =
exchanger)
ṁs31 exs31 − ṁs6 exs6 + Ėxd
ṁs31 hs31 − ṁs6 hs6
ṁs30 hs30 −
B22(heat
ṁs30 exs30 − ṁs38 exs38 =
ṁs38 hs38 =
exchanger)
ṁs37 exs37 − ṁs21 exs21 + Ėxd
ṁs37 hs37 − ṁs21 hs21
ṁs27 exs27 = ṁs32 exs32 +
ṁs27 hs27 =
B23(separator)
ṁs32 hs32 + ṁs33 hs33
ṁs33 exs33 + Ėxd
ṁs38 exs38 = ṁs39 exs39 + ĖxQ̇
+
B24(heat
ṁs38 hs38 =
out
̇
exchanger)
ṁs39 hs39 + Qout
Ėxd
B28(stoichiometric
ṁs29 exs29 = ĖxQ̇
+ ṁs34 exs34 +
ṁs29 hs29 = Q̇ out +
out
reactor1, used for
ṁs34 hs34
Ėxd
phase change)
1 Stoichiometric reactor is a reactor that carries the reaction based on the conversion
percentage of one of the reactants set by the user, with mass and energy balance
B17(heat
exchanger)
B18(heat
exchanger)

Table 4.3 The energy and exergy balance equation for the components of the system shown
in Figure 3.9 and 3.10, the subscripts refer to the component name, and stream names in
Figures 3.9 and 3.10.
Component
C1(compressor)
C2(compressor)
C3(compressor)
C4(compressor)

Energy balance equation
ṁ1 h1 + Ẇin = ṁ2 h2
ṁ3 h3 + Ẇin = ṁ4 h4
ṁ5 h5 + Ẇin = ṁ6 h6
ṁ7 h7 + Ẇin = ṁ8 h8

C5(compressor)

ṁE1 hE1 + Ẇin = ṁE2 hE2

C6(compressor)

ṁE3 hE3 + Ẇin = ṁE4 hE4

HX1(heat
exchanger)
HX2(heat
exchanger)

ṁ2 h2 − ṁ3 h3 = ṁR3 hR3 −
ṁR2 hR2
ṁ4 h4 − ṁ5 h5 = ṁx3 hx3 −
ṁx2 hx2
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Exergy balance equation
ṁ1 ex1 + Ẇin = ṁ2 ex2 + Ėxd
ṁ3 ex3 + Ẇin = ṁ4 ex4 + Ėxd
ṁ5 ex5 + Ẇin = ṁ6 ex6 + Ėxd
ṁ7 ex7 + Ẇin = ṁ8 ex8 + Ėxd
ṁE1 exE1 + Ẇin = ṁE2 exE2 +
Ėxd
ṁE3 exE3 + Ẇin = ṁE4 exE4 +
Ėxd
ṁ2 ex2 − ṁ3 ex3 = ṁR3 exR3 −
ṁR2 exR2 + Ėxd
ṁ4 ex4 − ṁ5 ex5 = ṁx3 exx3 −
ṁx2 exx2 + Ėxd

HX3(heat
exchanger)
HX4(heat
exchanger)
HX5(heat
exchanger)
ST1(steam
turbine)
ST2(steam
turbine)
ST3(steam
turbine)
ST4(steam
turbine)
ST5(steam
turbine)
COND1(condenser
and a heat
exchanger)
COND2(condenser
and a heat
exchanger)
COND3(condenser
and a heat
exchanger)
COND4(condenser
and a heat
exchanger)
COND5(condenser
and a heat
exchanger)
P1(pump)
P2(pump)
P3(pump)

ṁ6 h6 − ṁ7 h7 = ṁY3 hY3 −
ṁY2 hY2
ṁ8 h8 − ṁ9 h9 = ṁz3 hz3 −
ṁz2 hz2
ṁE6 hE6 − ṁE7 hE7 =
ṁk3 hk3 − ṁk2 hk2
ṁR3 hR3 = Ẇout + ṁR4 hR4
ṁx3 hx3 = Ẇout + ṁx4 hx4
ṁY3 hY3 = Ẇout + ṁY4 hY4
ṁz3 hz3 = Ẇout + ṁz4 hz4
ṁk3 hk3 = Ẇout + ṁk4 hk4
ṁR4 hR4 = Q̇out + ṁR1 hR1

ṁ6 ex6 − ṁ7 ex7 = ṁY3 exY3 −
ṁY2 exY2 + Ėxd
ṁ8 ex8 − ṁ9 ex9 = ṁz3 exz3 −
ṁz2 exz2 + Ėxd
ṁE6 exE6 − ṁE7 exE7 =
ṁk3 exk3 − ṁk2 exk2 + Ėxd
ṁR3 exR3 = Ẇout + ṁR4 exR4 +
Ėxd
ṁx3 exx3 = Ẇout + ṁx4 exx4 +
Ėxd
ṁY3 exY3 = Ẇout + ṁY4 exY4 +
Ėxd
ṁz3 exz3 = Ẇout + ṁz4 exz4 +
Ėxd
ṁk3 exk3 = Ẇout + ṁk4 exk4 +
Ėxd
ṁR4 exR4 = ĖxQ̇
+
ṁR1 exR1 + Ėxd

out

ṁX4 hX4 = Q̇out + ṁX1 hX1

ṁX4 exX4 = ĖxQ̇
+
out
ṁX1 exX1 + Ėxd

ṁY4 hY4 = Q̇out + ṁY1 hY1

ṁY4 exY4 = ĖxQ̇
+
out
ṁY1 exY1 + Ėxd

ṁZ4 hZ4 = Q̇out + ṁZ1 hZ1

ṁZ4 exZ4 = ĖxQ̇
+
out
ṁZ1 exZ1 + Ėxd

ṁK4 hK4 = Q̇ out + ṁK1 hK1

ṁK4 exK4 = ĖxQ̇
+
out
ṁK1 exK1 + Ėxd

ṁR1−C hR1−C + Ẇin =
ṁR2 hR2
ṁX1−C hX1−C + Ẇin =
ṁX2 hX2
ṁY1−C hY1−C + Ẇin =
ṁY2 hY2

P4(pump)

ṁZ1−C hZ1−C + Ẇin = ṁZ2 hZ2

P5(pump)

ṁK1−C hK1−C + Ẇin =
ṁK2 hK2

G1(Gibbs free
energy

ṁE2 hE2 + ṁE4 hE4 = ṁE5 hE5
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ṁR1−C exR1−C + Ẇin =
ṁR2 exR2
ṁX1−C exX1−C + Ẇin =
ṁX2 exX2 + Ėxd
ṁY1−C exY1−C + Ẇin =
ṁY2 exY2 + Ėxd
ṁZ1−C exZ1−C + Ẇin =
ṁZ2 exZ2 + Ėxd
ṁK1−C exK1−C + Ẇin =
ṁK2 exK2 + Ėxd
ṁE2 exE2 + ṁE4 exE4 =
ṁE5 exE5 + Ėxd

minimization
reactor)
GAST(gas turbine) ṁE5 hE5 = Ẇout + ṁE6 hE6

ṁE5 exE5 = Ẇout + ṁE6 exE6
+Ėxd

The energy efficiencies of the subsystems in the hydrogen production plant that
produce hydrogen from coal by utilizing the thermochemical water decomposition cycle,
and the WGSMR.
The energy efficiency of the gasification system is as follows:
ηG = ṁ

ṁsyngas LHVsyngas
coal LHVcoal +Ẇpump−w +Ẇpump−W2 +Ẇcompres2 +Q̇STMG1 +Q̇STGM2 +Q̇QO

(4.3)

where the syngas in the numerator of the gasifier energy equation (Equation (4.3)),
referring to stream S1 in Figure 3.7. Note that the subscripts are referring to components
names in Figure 3.8 except for syngas (stream S1) and coal (stream 1coal in Figure 3.7).
The gasification system refers to the gasifier (GFEMA model), oxygen compressor, the
two in-cycle heat recovery systems and the two water pumps. The coal LHV used in
Equation (4.6) is on a dry basis (see Table 3.1).
The Brayton cycle energy efficiency is as follows:
ηBrC =

ẆGT −ẆCOMPR1 −ẆTFCOMP

(4.4)

ṁS24 LHVS24

Here, the subscripts refer to the component name or the stream name shown in Figure 3.7.
The CASU energy efficiency is as follows:
ηCASU = Ẇ

ṁAS17 hAs17
̇
B1 +mAS1 hAS1 +Q̇RB(B4) +ẆRC

(4.5)

where the subscripts refer to the component name or the stream name shown in Figure 3.7
except for RC, which denotes to the refrigerator removing the heat from the distillation
column condenser.
The WGSMR energy efficiency is as follows:
ηWGSMR =

ṁS10 LHVH2 +ṁS24 LHVS24

(4.6)

ṁS6 LHVS6
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Here, the subscripts refer to the stream name shown in Figure 3.7.
The copper-chlorine thermochemical water decomposition cycle is as follows:
ηCu−Cl =

ṁH2 LHVH2
Q̇in +Ẇe

= (ṁ

ṁS33 LHVS33
S2 −ṁs23 )hS2 +Q̇in +Ẇe

(4.7)

Q̇in = Q̇ B2 + Q̇ B3 + Q̇B1 + Q̇B3 + Q̇B17 + Q̇B19 + Q̇B18 + Q̇B5 + Q̇B6 + Q̇B8 + Q̇ B24 +
Q̇B26 + Q̇B11 + Q̇B10 + Q̇ B14 + Q̇ B12
(4.8)
Here, the subscripts refer to the component name or the stream name shown in Figure 3.8.
The sign convention for the heat transfer rate is, positive for heat flowing into the system
and negative for heat flowing out of the system.
The HCS energy efficiency is as follows:
ηHCS = Ẇ

ṁ9 h9
̇
̇
̇
̇
̇
C1 +WC2 +WC3 +WC4 −WST1 −WST2 −ẆST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4

(4.9)

Here, the subscripts refer to the component name or the stream name shown in Figure 3.9.
The sign convention for the work transfer rate is positive for all work interactions.
ηCC =

ẆGAST +ẆST5 −ẆC5 −ẆC6 −ẆP5

(4.10)

ṁE1 LHVH2 +ṁE3 hE3

Here, the subscripts refer to the component name or the stream name shown in Figure 3.10.
The hydrogen production plant overall energy efficiency is as follows:
ηov =

ṁH2 LHVH2 +Ẇnet

(4.11)

ṁcoal LHVcoal

For Ẇnet , ẆHCS , ẆCASU, and Ẇe :
Ẇnet = ẆCOMPRES2 + ẆCOMPR1 + ẆTFCOMP + ẆPUMP−W2 + ẆPUMP−W − ẆGT −
ẆGT2 + ẆHCS + Ẇe

(4.12)

ẆHCS = ẆC1 + ẆC2 + ẆC3 + ẆC4 − ẆST1 − ẆST2 − ẆST3 − ẆST4 + ẆP1 + ẆP2 +
ẆP3 + ẆP4

(4.13)

Ẇe = ẆCu−Cl /ηgen

(4.14)
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ẆCASU = ẆB1 + ẆRC

(4.15)

Here, subscripts refer to system component in Figures 3.7-3.10.
ṁH2 = ṁS10 (see Figure 3.7) + ṁS33 (see Figure 3.8) − ṁE1 (see Figure 3.9) =
ṁ1 (see Figure 3.10)

(4.16)

Here, subscripts refer to the stream number in Figures 3.7-3.10.
General steady-state thermodynamic rate balance equations for exergy, for open
systems and with kinetic and gravitational potential energies neglected, is given in the
following equation:
ĖxQ̇net in + ∑in ṁin exin = Ėxẇnet out + ∑out ṁout exout + Ėxd

(4.18)

where ṁ is the mass flow rate, Q̇ is the heat rate, Ẇ is the work rate, ex is the specific
exergy and the subscripts in and out denote input and output . The exergy rate balance in
Equation (4.18) is used to determine the exergy destruction rate Ėxd , i.e., the irreversibility
rate, for the system and each of its components, as well as overall and component exergy
efficiencies.
The exergy rate due to heat transfer ĖxQ̇ in Equation (4.18), for Ts is the temperature
of the boundary where heat transfer takes place, and a dead state temperature To , is as
follows:
T
ĖxQ̇ = Q̇ (1 − T0 )

(4.19)

s

where Q̇ is the heat transfer rate.
The exergy rate of work (mechanical shaft work or electrical work) Ėxw is the same
as the work rate:
Ėxẇ = Ẇ

(4.20)

Here, the specific exergy ex of a flowing fluid can be expressed for state i in the system as
follows:
exi = (hi − h0 ) − T0 (si − s0 ) + exch

(4.21)
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where hi and si are the specific enthalpy and specific entropy of the flow respectively at
the state i, and h0 and s0 are the specific enthalpy and specific entropy of the flow
respectively at the dead state. Also, exch denotes the specific chemical exergy of the flow
and can be expressed as follows:
0
exch = ∑ xj exch
+ RT0 ∑ xj ln(xj )

(4.22)

0
where xj denotes the mole fraction of constituent j in the flow, exch
is the standard specific

chemical exergy of the constituent j in kJ/mol, and R is the universal gas constant in
kJ/molK. The specific chemical exergy of coal is calculated as follows:
coal
exch
= [(LHV + ωhfg ) × β + 9.417S]

(4.23)

which is used to calculate the specific exergy of any type of coal. Here, LHV is the lower
heating value of the coal, hfg is the latent heat of water at T0 , ω is the moisture content in
the coal and S is the mass fraction of sulfur in the coal. In Equation (4.23), LHV is based
on dry and ash free coal and finally β is expressed based on the dry analysis of the coal
used as the following [11].
H

O

N

β = 0.1882 C + 0.061 C + 0.0404 C + 1.0437

(4.24)

Here, H, O, C, and N denote respectively the mass fractions of hydrogen, oxygen, carbon,
and nitrogen in the coal used on a dry basis. Equation (4.24) can is valid only when the
parameter O/C is less than 0.667, which is the case for the coals considered in this research.
The exergy efficiencies of the subsystems in the hydrogen production plant from
coal by utilizing the thermochemical water decomposition cycle, via the copper-chlorine
cycle.
The exergy efficiency of the gasification system is as follows:
ψG =

ṁsyngas exsyngas
coal
̇
̇
ṁcoal exch +Wpump−w +Wpump−W2 +Ẇcompres2 +ĖxQ̇
+ĖxQ̇
+ĖxQ̇
STMG1
STGM2
QO

(4.25)

Where the syngas in the numerator refers to stream S1 in Figure 3.8. Note that the
subscripts are referring to components names in Figure 3.7 except for syngas (stream S1)
and coal (stream 1coal in Figure 3.7). The coal exergy is on dry basis (see Table 3.8).
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The Brayton cycle exergy efficiency is as follows:
ψBrC =

ẆGT −ẆCOMPR1 −ẆTFCOMP

(4.26)

ṁS24 exS24

Here, the subscripts refer to the component name or the stream name shown in Figure 3.7.
The CASU exergy efficiency is as follows:
ψCASU = Ẇ

ṁAS17 exAs17
B1 +ṁAS1 exAS1 +Ė𝑥Q̇

RB(B4)

(4.27)

+ẆRC

Here, the subscripts refer to the component name or the stream name shown in Figure 3.7
except for RC, which denotes to the refrigerator removing the heat from the distillation
column condenser.
The WGSMR exergy efficiency is as follows:
ψWGSMR =

ṁS10 exH2 +ṁS24 exS24

(4.28)

ṁS6 exS6

where the subscripts refer to the stream name shown in Figure 3.7.
The copper-chlorine thermochemical water decomposition cycle is as follows:
ψCu−Cl = (ṁ

ṁS33 exS33
̇
−m
S2
s23 )exS2 +ĖxQ̇ +Ẇe
in

(4.29)

The ĖxQ̇in is calculated by the following equation:
ĖxQ̇in = ĖxQ̇

B2

ĖxQ̇

B8

B6

+ ĖxQ̇

+ ĖxQ̇

B3

+ ĖxQ̇

+ ĖxQ̇

B24

B1

+ ĖxQ̇

+ ĖxQ̇

B26

B3

+ ĖxQ̇

+ ĖxQ̇

B11

B17

+ ĖxQ̇

+ ĖxQ̇

B10

B19

+ ĖxQ̇

+ ĖxQ̇

B14

B18

+ ĖxQ̇

+ ĖxQ̇

B12

B5

+

(4.30)

Here, the subscripts refer to the component name or the stream name shown in Figure 3.8.
The HCS exergy efficiency is as follows:
ψHCS = Ẇ

ṁ9 ex9
C1 +ẆC2 +ẆC3 +ẆC4 −ẆST1 −ẆST2 −ẆST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4

(4.31)

where the subscripts refer to the component name or the stream name shown in Figure 4.3.
In Equation (45), the sign convention for the work transfer rate is positive for all work
interactions.
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ψCC =

ẆGAST +ẆST5 −ẆC5 −ẆC6 −ẆP5

(4.32)

ṁE1 exH2 +ṁE3 exE3

Here, the subscripts refer to the component name or the stream name shown in Figure 4.4.
In Equation (46), the sign convention for the work transfer rate is positive for all work
interactions
The hydrogen production plant overall exergy efficiency is givem as follows:
ψov =

ṁH2 exH2 +Ẇnet

(4.33)

ṁcoal excoal
ch

4.3 Thermodynamic Analysis of System 2
The balance equations can be applied to the integrated system as a whole, to subsystems,
and to each component of the system. The energy and exergy efficiencies for the integrated
system as a whole, or for a subsystem, or for each component of the system are calculated
using the following equations respectively:
η=

Enproducts

ψ=

(4.34)

Eninputs
Exproduct

(4.35)

Exinputs

where η is the energy efficiency and ψ is the exergy efficiency. Next the energy and exergy
efficiencies of the integrated system’s subsystems are provided, plus the overall integrated
system energy and exergy efficiencies are provided. The integrated system is divided into
subsystems; these subsystems include the following; SCWR, Cu-Cl cycle, HCS, and SCC.
Regarding the SCWR efficiencies they will not be calculated since the nuclear reaction was
not modeled, rather its outputs were adopted from the work of Bushby et al. [75], and these
adopted values were presented in Table 4.9. While measuring the energy and exergy
efficiencies and the hydrogen mass flow rate produced two cases are taken into
consideration. The two cases study the effect of the design of the steam circuit on the
performance of the Cu-Cl cycle and the integrated system as a whole.
The energy and exergy efficiencies of the Cu-Cl cycle, HCS, and SCC are presented
next.
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ηCu−Cl =

ṁH2 (LHVH2 )
Q̇net,in +Ẇe

(4.36)

ṁH2 exH2

ψCu−Cl = Ėx

(4.37)

̇
Q̇net,in +We

where Q̇ net,in is for the first case (without considering a steam circuit design) the
summation of all heat rate interactions in the Cu-Cl cycle, for the second case (considering
a novel steam circuit design) is the heat rate that the cycle absorbs from the supercritical
steam from SCWR. ĖxQ̇net,in is the exergy rate of Q̇ net,in mentioned earlier.
HP
LP LP
(ṁHP
H2 hH2 −ṁH2 hH2 )

ηHCS =

(4.38)

ẆC −ẆST +Ẇp

ψHCS =

HP
LP
LP
(ṁHP
H2 exH2 −ṁH2 exH2 )

(4.39)

ẆC −ẆST +Ẇp

Here the superscripts HP and LP denotes high-pressure hydrogen and low-pressure
hydrogen. The subscripts C, ST, and P refers to compressors, steam turbines, and pumps
respectively.
Ẇnet,out

ηSCC = ṁ

(4.40)

H2 LHVH2

Ẇ

ψSCC = ṁ net,out
ex
H2

(4.41)

H2

The overall energy and exergy efficiencies of the integrated system is calculated
using the following equation:
ηov =
ψov =

ṁHP
H2 (LHVH2 +(hT&P −hTo &Po ))

(4.42)

Q̇SCWR
ṁHP
H2 (exH2 )
ĖxQ̇

(4.43)

SCWR

4.4 Thermodynamic Analysis of System 3
In this section the energy efficiencies of the subsystems in the hydrogen production plant
are defined that are completely dependent on the solar thermal energy by utilizing the
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thermochemical water decomposition cycle, and compressed hydrogen product. The main
subsystems of the hydrogen production plant are:


Solar heliostat farm



Cu-Cl cycle



HCS



SRC
The heat rate of the solar light reflected by the heliostats to the central receiver

which is a molten salt cavity receiver type is calculated by the following equation:
Q̇su = I × Afarm

(4.44)

where I is the solar light intensity, and Afarm is the heliostat farm area, and subscript s refers
to solar. However, not all the heat rate is received by the central receiver, and based on the
efficiency of the solar system the heat rate received by the central collector is calculated
by the following equation:
Q̇cenr = ηH Q̇su

(4.45)

where ηH is the heliostat efficiency, Q̇cenr is the heat rate received by the central receiver,
subscripts cenr, and H refers to the central receiver and heliostat respectively. The heat
received by the central collector not all of it is transferred to the molten salt, the losses that
were considered in the model are the following;
The first source of heat losses is due to the emissivity in the central receiver are
calculated by the following equation:
4

4

εavg σ(Tcenr,surf −To )Afarm
Q̇cenr,em =
C

(4.46)

where the subscripts em refers to emissivity, sur for surface, o for standard room
conditions.
The second source of losses in the heat transfer process are due to reflections in the
central receiver, and the rate of the heat loss due to reflections is calculated by the following
equation:
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̇

Q
ρFr
Q̇cenr,ref = cenr
A

(4.47)

farm

where Fr refers to view factor and subscript ref refers to reflective.
Another source of heat losses in during the heat transfer process from the heat
received by the central receiver to the circulating heat transfer fluid, is the losses due to
convection, which is calculated by the following equation:
Q̇cenr,conv =

((hair,fc,insu (Tcenr,surf −To ))+(hair,nc,insu (Tcenr,surf −To )))Afarm
Fr ×C

(4.48)

where h is the heat transfer coefficient based on the conditions stated in the subscripts, fc
refers to forced convection, nc refers to natural convection and insu for insulation. For
losses due to conduction heat transfer, or the resistance due to heat transferring through
conduction is calculated by the following equation:
(T
−To )Afarm
Q̇cenr,cond = ∂cenr,surf
1
insu
(

+

λinsu hair,o

(4.49)

)C×Fr

where ∂insu is the thickness of the insulation, and λinsu the thermal conductivity of the
insulation. The rest of the heat is transferred to the heat transfer fluid (molten salt), which
is presented by the following equation:
Q̇cenr,ms = ṁms cp (Tms,out − Tms,in )

(4.50)

where ṁms is the mass flow rate of the molten salt, cp is the heat capacity of the molten
salt. Subscripts ms refers to molten salt, in for inlet, and out for outlet. Summing the heat
rates in Equations 4.46-4.50 will equal all of the heat transferred to the central collector as
shown in the following equation:
Q̇cenr = Q̇ cenr,ms + Q̇cenr,cond + Q̇cenr,conv + Q̇cenr,ref + Q̇cenr,em

(4.51)

In order to calculate the surface temperature of the absorber can be calculated using
the following equation:
Q̇cenr
Afarm /Fr

=d
/C

(Tcenr,surf −Tms )

(4.52)

o /di /hms +do ln(do /di )/2/λtube
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where do is the outer diameter, di is the inner diameter, and λtube is the thermal conductivity
of the tube. When Q̇ cenr is known then using an iterative process the surface temperature
of the central receiver, the different type of heat losses, and the receiver thermal efficiency
can be found as what was done in the work of Li et al. [82]. For more details of the process
please check Li et al. [82] work for avoiding repetition of the work.
The heliostat farm thermal energy efficiency is as follows:
ηSHF =

Q̇cenr,ms
Q̇su

(4.53)

where the subscript SHF denotes for solar heliostat farm.
The energy efficiency of the Cu-Cl cycle for hybrid electrical and thermochemical
water decomposition cycle is as follows:
ηCu−Cl =

ṁH2 LHVH2
Q̇in +Ẇe

=

ṁS33 LHVS33
Q̇in +Ẇe

(4.54)

Here Q̇ in is the total heat transferred to the cycle, Ẇe is the electrical power required by the
cycle, the subscripts refer to the component name or the stream name shown in Figure 3.19.
The HCS energy efficiency is as follows:
ηHCS = Ẇ

ṁ9 h9
C1 +ẆC2 +ẆC3 +ẆC4 −ẆST1 −ẆST2 −ẆST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4

(4.55)

where the subscripts of the work rate refer to the compressor or turbine name, the mas flow
rate or property subscript refers to the stream name shown in Figure 4.11. The sign
convention for the work transfer rate is positive for all work interactions (since the equation
takes care of the work rate in and out)
The energy efficiency of the supporting RC is calculated using the following
equation:
ηSRC =

ẆST5 −ẆC5 −ẆP5
Q̇HX5

(4.56)

Here, the subscripts refer to the component name or in Figure 4.11.
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The hydrogen production plant that is completely dependent on the solar thermal
energy overall energy efficiency is as follows:
ηov =

ṁH2 LHVH2 +Ẇnet +ṁH2 hH2
Q̇su

(4.57)

For Ẇnet , ẆHCS , and Ẇe :
Ẇe = ẆCu−Cl /ηgen

(4.58)

ẆSRC = ẆST5 − ẆP5

(4.59)

where subscripts refers to a system component in Figures 4.10 and 4.11.
The exergy efficiencies are next; the heliostat farm thermal energy efficiency is as
follows:
ψSHF =

ĖxQ̇

cenr,ms

ĖxQ̇

(4.60)

su

The Cu-Cl thermochemical water decomposition cycle is as follows:
ṁH2 exH2
̇ +Ẇe

ψCu−Cl = Ėx

Q in

=

ṁS33 LHVS33
Ėx ̇ +Ẇe

(4.61)

Q in

The ĖxQ̇in which present the summation of all exergy rates associated with heat
transfer rate in the process of the Cu-Cl cycle. for subscripts see Figure 4.9. The HCS
exergy efficiency is as follows:
ψHCS = Ẇ

ṁ9 ex9
̇
̇
̇
̇
̇
C1 +WC2 +WC3 +WC4 −WST1 −WST2 −ẆST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4

(4.62)

here the subscripts for the work rate terms refer to the component name, and those for the
properties and mass flow rates are for stream names as shown in Figure 4.11.
The exergy efficiency of the supporting RC is as follows:
ηSRC =

ẆST5 −ẆC5 −ẆP5
Q̇HX5

(4.63)

See Figure 4.11 for subscripts. The hydrogen production plant overall exergy efficiency is
as follows:
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ψov =

ṁH2 exH2 +Ẇnet
Ėx ̇

(4.64)

Qsu

4.5 Thermodynamic Analysis of System 4
By applying the balance equations to the integrated system and its components, energy and
exergy efficiencies terms are generated for the overall integrated system and its
components. The energy and exergy efficiencies of the integrated system and its main
subsystems are presented next, whereas for the Cu-Cl reactors, work producing and
consuming devices and all heat exchangers in the integrated system their exergy efficiency
and exergy destruction rate equations are presented next.
The first subsystem considered is the four-step Cu-Cl cycle, for which energy and
exergy efficiencies respectively can be expressed as follows:
ṁH2 LHVH2
net,in +Ẇe

ηCu−Cl = Q̇

= (ṁ

ṁH2 exH2

ψCu−Cl = Ėx

Q̇net,in

+Ẇe

ṁS17 LHVH2
S43 hS43 −ṁS46 hS46 )+Ẇe

= (ṁ

ṁS17 exH2
S43 exS43 −ṁS46 exS46 )+Ẇe

(4.65)
(4.66)

where Q̇ net,in is the amount of heat provided to the four-step Cu-Cl cycle by the
superheated gas-like supercritical fluid, calculated as the thermal power delivered by the
supercritical fluid (based on enthalpy). The exergy content of that thermal power is
calculated as the difference in exergy flow rates provided by the supercritical fluid to the
hydrolysis reactor and the Cu2OCl2 decomposition reactor. Note that the subscripts refer to
the streams or blocks names in the Aspen Plus flow sheet for the integrated system in Figure
3.22.
The second main subsystem is the PSR cycle, which receives some of its heat from
the supercritical fluid and the remainder through recovering heat from other streams. Its
energy and exergy efficiencies can be expressed respectively as:
ηPSR = (ṁ
ψPSR =

(ẆB32 −ẆB29 − ẆB38 )
S50 hS50 +ṁS58 hS58 +Q̇B27 )

(4.67)

(ẆB32 −ẆB29 − ẆB38 )
(ṁS50 exS50 +ṁS58 exS58 +ĖxQ̇

B27

(4.68)

)
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The third main subsystem is the HCS, for which energy and exergy efficiencies
respectively are as follows:
HP
LP LP
(ṁHP
H2 hH2 −ṁH2 hH2 )

ηHCS =

ẆC −ẆST +Ẇp

=

ṁ9 h9
ẆC1 +ẆC2 +ẆC3 +ẆC4 −ẆST1 −ẆST2 −ẆST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4 +ṁS17 hS17

ψHCS =

HP
LP
LP
(ṁHP
H2 exH2 −ṁH2 exH2 )

ẆC −ẆST +Ẇp

(4.69)

=

ṁ9 ex9
̇
̇
̇
̇
̇
̇
̇
WC1 +WC2 +WC3 +WC4 −WST1 −WST2 −WST3 −ẆST4 +ẆP1 +ẆP2 +ẆP3 +ẆP4 +ṁS17 exS17

(4.70)

Here, superscripts HP and LP refer to high-pressure hydrogen and low-pressure hydrogen,
respectively, while the subscripts C, ST, and P denote compressor, steam turbine, and
pump, respectively.
For the assessment of the overall integrated system, based on the proposed design
and the selected operating parameters, the energy and exergy efficiencies are as follows:
ηov =
ψov =

̇
ṁHP
H2 (LHVH2 )+Wnet,out
Q̇SCWR
̇
ṁHP
H2 (exH2 )+Wnet,out
ĖxQ̇

SCWR

=

=

ṁS17 LHVH2 +ẆPSR −ẆHCS −Ẇe
(ṁS43 hS43 −ṁS48 hS48 )

ṁS17 exS17 +ẆPSR −ẆHCS −Ẇe
(ṁS43 exS43 −ṁS48 exS48 )

(4.71)

(4.72)

For the Cu-Cl cycle reactors, the work producing and consuming devices and all
heat exchangers in the integrated system, expressions for exergy efficiency and exergy
destruction rate are reported in Tables 4.4-4.6. The energy efficiency is not reported
because they are straighforward and simplified. For instance, since it was assumed that no
heat losses occur in heat exchangers, they have 100% energy efficiencies.
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Table 4.4 The exergy efficiencies and exergy destruction rates for the four-step Cu-Cl
cycle reactors, water jackets and heat exchangers.

Water jackets for heating and cooling the
reactors and phase change chambers

Reactors

Group

Device

Exergy efficiency

B1 (hydrolysis
reactor)

ψB1 = ṁ

B6 (Cu2OCl2
decomposition
reactor)
B11 (electrolysis
reactor)

ψB6 = ṁ

B14 (dryer)

ψB14 =

B22 (water
jacket for the
dryer B14)
B26 (water
jacket for the
hydrolysis
reactor)
B24 (water
jacket for the
Cu2OCl2
decomposition
reactor)
B18 (water
jacket for the
CuCl solidifier)

Heat exchangers

B15B5

B16B2

ṁS3 exS3
S1 exS1 +ṁS2 exS2 +ĖxQ̇S47

ṁS9 exS9
S8 exS8 +ĖxQ̇
S45

ψB11 =

ṁS16 exS16

Ẇe +ṁS15 exS15 +ṁS7 exS7 +ṁS14 exS14

ṁS21 exS21 +ṁS20 exS20
Ėx ̇
+ṁS19 exS19
QS40

ψB22 = ṁ

ψB26 = ṁ

ψB24 = ṁ

ψB19 = ṁ

ĖxQ̇

S40

S36 exS36 −ṁS41 exS41

ĖxQ̇

S47

S44 exS44 −ṁS46 exS46

ĖxQ̇

S45

S43 exS43 −ṁS44 exS44

ĖxQ̇

S29

S28 exS28 −ṁS22 exS22

ψB15B5 = ṁ

ṁS8 exS8 −ṁS6 exS6
S28 exS28 −ṁS32 exS32

ṁS1 exS1 −ṁS65 exS65

ψB16B2 = ṁ

S32 exS32 −ṁS33 exS33

94

Exergy destruction
rate
Ėxd,B1 = (ṁS1 exS1 +
ṁS2 exS2 + ĖxQ̇S47 ) −
ṁS3 exS3
Ėxd,B6 = ṁS8 exS8 +
ĖxQ̇S45 − ṁS9 exS9
Ėxd,B11 = Ẇe +
ṁS15 exS15 +
ṁS7 exS7 +
ṁS14 exS14 −
ṁS16 exS16
Ėxd,B14 = ĖxQ̇S40 +
ṁS19 exS19 −
ṁS21 exS21 −
ṁS20 exS20
Ėxd,B22 =
(ṁS36 ex36 −
ṁ41 exS41 ) − ĖxQ̇S40
Ėxd,B26 =
(ṁS44 exS44 −
ṁ46 exS46 ) − ĖxQ̇S47
Ėxd,B24 =
(ṁS43 exS43 −
ṁ44 exS44 ) − ĖxQ̇

S45

Ėxd,B19 =
(ṁS28 exS28 −
ṁS22 exS22 ) − ĖxQ̇S29
Ėxd,B15B5 =
(ṁS28 exS28 −
ṁS32 ex32 ) −
(ṁS8 exS8 − ṁS6 exS6 )
Ėxd,B16B2 =
(ṁS32 exS32 −
ṁS33 ex33 ) −
(ṁS1 exS1 −
ṁS65 exS65 )

B39B40

B20B3

B17B10

ṁS65 exS65 −ṁS4 exS4

ψB39B40 = ṁ

ψB20B3 = ṁ

S60 exS60 −ṁS63 exS63

ṁS2 exS2 −ṁS5 exS5
S33 exS33 −ṁS36 exS36

ṁ

−ṁ

ex

ex

ψB17B10 = ṁS27 exS27 −ṁS26 exS26
S13

S13

S14

S14

Ėxd,B16B2 =
(ṁS60 exS60 −
ṁS63 ex63 ) −
(ṁS65 exS65 −
ṁS4 exS4 )
Ėxd,B20B3 =
(ṁS33 exS33 −
ṁS36 ex36 ) −
(ṁS2 exS2 − ṁS5 exS5 )
Ėxd,B17B10 =
(ṁS13 exS13 −
ṁS14 exS14 ) −
(ṁS27 exS27 −
ṁS26 exS26 )

Table 4.5 The exergy efficiencies and exergy destruction rates for devices in the power
supporting Rankine cycle.

Group

Device

Power supporting Rankine cycle

B29 (pump)

B32 (steam
turbine)

B38 (pump)

B27B30
(heat
exchanger)

B33
(condenser)

Exergy efficiency

ψB29 =

ψB32

Exergy destruction rate

ṁS51 exS51
ṁS61 exS61 + ẆB29

ṁS54 exS54 + ẆB32
=
ṁS53 exS53

ψB38 =

ṁS62 exS62
ṁS55 exS55 + ẆB38

ψB27B30
ṁS53 exS53 − ṁS51 exS51
=
ṁS46 exS46 − ṁS48 exS48

ψB33

ṁS54 exS54 − ṁS55 exS55
=
ĖxQ̇
B33

95

Ėxd,B29
= ṁS61 exS61 + ẆB29
− ṁS51 exS51
Ėxd,B32
= ṁS53 exS53
− ṁS54 exS54 − ẆB32
Ėxd,B38
= ṁS55 exS55 + ẆB38
− ṁS62 exS62
Ėxd,B27B30
= (ṁS46 exS46
− ṁS48 exS48 )
− (ṁS53 exS53
− ṁS51 exS51 )
Ėxd,B33
= ĖxQ̇B33 − (ṁS54 exS54
− ṁS55 exS55 )

ψB35B36
ṁS57 exS57 − ṁS49 exS49
=
ṁS62 exS62 − ṁS58 exS58

B35B36
(heat
exchanger)

B31 (mixer)

ψB31 =

ṁS50 exS50
ṁS57 exS57 − ṁS42 exS42

B23 (mixer)

ψB23 =

ṁS42 exS42
ṁS24 exS24 − ṁS41 exS41

ψB23 = (ṁS61 exS61 )
/(ṁS50 exS50 )

B37
(separator)

Ėxd,B35B36
= (ṁS62 exS62
− ṁS58 exS58 )
− (ṁS57 exS57
− ṁS49 exS49 )
Ėxd,B31
= (ṁS57 exS57
− ṁS42 exS42 )
− ṁS50 exS50
Ėxd,B23
= (ṁS24 exS24
− ṁS41 exS41 )
− ṁS42 exS42
Ėxd,B37
= (ṁS50 exS50
− ṁS61 exS61 )
+ ṁS60 exS60

Table 4.6 the exergy efficiencies and exergy destruction rates for the devices in the
hydrogen compression system.

Steam turbines

Compressors

Group

Device Exergy efficiency
ṁ ex
C1
ψC1 = ṁ ex2 2+Ẇ
S17

C1

ṁ4 ex4
ṁ3 ex3 +ẆC2

Ėxd,C2 = ṁS3 exS3 + ẆC2 − ṁ4 ex4

ψC3 = ṁ

ṁ6 ex6
5 ex5 +ẆC3

Ėxd,C3 = ṁS5 exS5 + ẆC3 − ṁ6 ex6

C4

ψC4 = ṁ

ṁ8 ex8
7 ex7 +ẆC4

Ėxd,C4 = ṁ7 ex7 + ẆC4 − ṁ8 ex8

ST1

ψST1 =

C2

ψC2 =

C3

ST2
ST3
ST4
P1

Pumps

S17

Exergy destruction rate
Ėxd,C1 = ṁS17 exS17 + ẆC1 − ṁ2 ex2

P2
P3

ψST2 =
ψST3 =
ψST4 =

Ėxd,ST1 = ṁR3 exR3 − (ẆST1 +
ṁR4 exR4 )
Ėxd,ST2 = ṁX3 exX3 − (ẆST2 +
ṁX4 exX4 )
Ėxd,ST3 = ṁY3 exY3 − (ẆST3 +
ṁY4 exY4 )
Ėxd,ST4 = ṁZ3 exZ3 − (ẆST4 +
ṁZ4 exZ4 )
Ėxd,P1 = ẆP1 + ṁR1−C exR1−C −
ṁR2 exR2
Ėxd,P2 = ẆP2 + ṁX1−C exX1−C −
ṁX2 exX2
Ėxd,P3 = ẆP3 + ṁY1−C exY1−C −
ṁY2 exY2

ẆST1 +ṁR4 exR4
ṁR3 exR3
ẆST2 +ṁX4 exX4
ṁX3 exX3
ẆST3 +ṁY4 exY4
ṁY3 exY3
ẆST4 +ṁZ4 exZ4
ṁZ3 exZ3
ṁR2 exR2

ψP1 = Ẇ

P1 +ṁR1−C exR1−C

ψP2 = Ẇ

P2 +ṁX1−C exX1−C

ψP3 = Ẇ

P3 +ṁY1−C exY1−C

ṁX2 exX2
ṁY2 exY2
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P4

Heat exchangers

HX1
HX2
HX3
HX4
Cond1

ψP4 = Ẇ
ψHX1 =
ψHX2 =
ψHX3 =
ψHX4 =

ṁZ2 exZ2
P4 +ṁZ1−C exZ1−C

ṁR3 exR3 −ṁR2 exR2
ṁ2 ex2 −ṁ3 ex3
ṁX3 exX3 −ṁX2 exX2
ṁ4 ex4 −ṁ5 ex5
ṁY3 exY3 −ṁY2 exY2
ṁ6 ex6 −ṁ7 ex7
ṁZ3 exZ3 −ṁZ2 exZ2
ṁ8 ex8 −ṁ9 ex9

ψCond1 =
ĖxQ̇

cond1

+ṁR1 exR1

ṁR4 exR4

Condensers

Cond2

Ėxd,Cond2 = ṁX4 exX4 − (ĖxQ̇cond2 +
ṁX1 exX1 )

ψCond2 =
ĖxQ̇

cond2

+ṁX1 exX1

ṁX4 exX4

Cond3

Ėxd,Cond3 = ṁY4 exY4 − (ĖxQ̇cond3 +
ṁY1 exY1 )

ψCond3 =
ĖxQ̇

cond3

+ṁY1 exY1

ṁY4 exY4

Cond4

Ėxd,Cond4 = ṁZ4 exZ4 − (ĖxQ̇cond4 +
ṁZ1 exZ1 )

ψCond4 =
ĖxQ̇

cond4

Ėxd,P4 = ẆP4 + ṁZ1−C exZ1−C −
ṁZ2 exZ2
Ėxd,HX1 = (ṁ2 ex2 − ṁ3 ex3 ) −
(ṁR3 exR3 − ṁR2 exR2 )
Ėxd,HX2 = (ṁ4 ex4 − ṁ5 ex5 ) −
(ṁX3 exX3 − ṁX2 exX2 )
Ėxd,HX3 = (ṁ6 ex6 − ṁ7 ex7 ) −
(ṁY3 exY3 − ṁY2 exY2 )
Ėxd,HX4 = (ṁ8 ex8 − ṁ9 ex9 ) −
(ṁZ3 exZ3 − ṁZ2 exZ2 )
Ėxd,Cond1 = ṁR4 exR4 − (ĖxQ̇cond1 +
ṁR1 exR1 )

+ṁZ1 exZ1

ṁZ4 exZ4
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Chapter 5: Results and Discussion
In this chapter, the results of the simulation and the thermodynamic analysis of the four
proposed hydrogen production plants are presented. Each hydrogen production plant has a
separate section in this chapter which includes the specific results.
5.1 Results of System 1
The proposed hydrogen production plant is analyzed energetically and exergetically and
the results of the simulation and the thermodynamic analysis are presented in this chapter.
All stream properties are calculated using Aspen Plus software, while chemical exergies,
efficiencies, and exergy destruction rates are calculated using a programed Excel sheet.
The reference environment temperature and pressure are 25oC and 1 atm respectively.
The overall results of the performance of the hydrogen production plant are
discussed in this section. The results contain energy efficiency, exergy efficiency and
exergy destruction rate and the plant operational requirements for large-scale hydrogen
production. The plant operational requirements for large-scale hydrogen production plus
the overall energy and exergy efficiencies are reported in Table 5.1. As given in Table 5.1
for the proposed hydrogen production plant for every 8.95 kg/s of Illinois No.6 coal is fed
to the plant, 1 kg/s of compressed hydrogen is produced. For hydrogen production plant
where the required production capacity of the plant to be 500 kg/day of stored hydrogen
ready to be transported, combusted or to be used in electrolysis.
Table 5.1 The overall results of the hydrogen production plant from coal (System 1).
Hydrogen production plant parameters
Value
Unit
Energy efficiency
51.3
%
Exergy efficiency
47.6
%
Coal feed rate for hydrogen production of 1 kg/s (coal type: Illinois
No.6)

8.95

kg/s

Contribution of Cu-Cl cycle in the total hydrogen production

7.43

%

Work rate extra produced by the system for each 1 kg/s of
hydrogen produced by the hydrogen production system

4.64

MW

Pressure of the produced hydrogen
Temperature of the produced hydrogen
Exergy destruction rate

700
25
187.5

bar
o
C
MW
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A production of 500 kg/day for a plant that is operating 24 hours per day will require
a flow rate of 186 kg/hr of coal to be fed to the gasifier and it will produce 20.8 kg of H2/hr
(500 kg of H2/day) and to produce 3.06 kJ/s. The produced hydrogen from the hydrogen
production plant is compressed to 700 bar by the HCS. The overall energy efficiency of
the proposed hydrogen production plant is 51.3%. The overall exergy efficiency of the
proposed hydrogen production plant is 47.6%.

Figure 5.1 The energy efficiency of System 1 main subsystems.

Figure 5.2 The exergy efficiency of System 1 main subsystems.
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The performance of the hydrogen production plant subsystems is discussed here. These
subsystems include gasifier, CASU, WGSMR, Brayton cycle, copper-chlorine cycle, HCS
and HFCC. The energy and exergy efficiencies of the hydrogen production plant
subsystems is shown in Figures 5.1 and 5.2. The exergy destruction ratio of the main
subsystems of the hydrogen production plant is shown in Figure 5.3. As shown in Figure
5.3 the copper-chlorine cycle (Cu-Cl cycle) has the lowest exergy destruction ratio of 1%
of the total exergy destruction in the hydrogen production plant. The energy and exergy
efficiencies of the copper-chlorine cycle are 38.2% and 89.4%, which are very close to
those reported by Orhan et al. [40] for the five steps copper-chlorine cycle. The energy and
exergy efficiencies of the five steps copper-chlorine cycle reported by Orhan et al. [40] are
44.8% and 73.0%. The difference between the energy and exergy efficiencies found in this
research and those that were reported by Orhan et al. [40] is because of the different cycle
design.
In the proposed copper-chlorine cycle design (see Figure 3.8) the differences were the
following:


In the proposed design of the copper-chlorine cycle the produced hydrogen was not
sent back to heat up the coming water, unlike what Orhan et al. [40] did, which they
recovered heat from the produced hydrogen. The reason behind not recovering the
hydrogen heat before storing it is for safety reasons. This point results in reduction
in the energy efficiency.



In the proposed design of the copper-chlorine cycle the water is first preheated by
the extra steam that was sent to the hydrolysis reactor and then the steam is
superheated by heat coming from the gasification cycle. However in Orhan et al.
[40] it was not considered the extra steam to shift the reaction to products side, so
they directly heat the water from ambient conditions to superheated steam at 400oC.
This point results in higher exergy efficiency for the proposed design of the copperchlorine cycle.



In the proposed design of the copper-chlorine cycle special reactors that recovered
high quality heat during the phase changes of the materials in the cycle resulting in
higher exergy efficiency.
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In the proposed design of the copper-chlorine cycle, the turbines in the plant
provide the needed electricity through an electrical generator.
The heat interactions in the five step copper-chlorine cycle design proposed here is

shown in Figures 5.4 and 5.5. The reactor with the highest heat energy interaction is the
Cu2OCl2 decomposition reactor B6 (see Figure 3.8).
Where also the Cu2OCl2 decomposition reactor B6 also possesses the highest
exergy interaction, since it requires heat at high temperature of 530oC. Reactors B8 and
B28, which are both responsible for phase change of CuCl from liquid state, releases the
highest amount of heat and exergy recovered in the cycle. The high exergy is due to the
high and constant temperature at which the heat release takes place. Regarding the exergy
destruction contribution of the copper-chlorine cycle in that of the hydrogen production
plant. Copper-chlorine cycle has the least contribution as shown in Figure 5.4. The low
exergy destruction ratio (1%) of the copper-chlorine cycle is due to its high exergy
efficiency, which was increased by the differences made to the cycle structure compared
to that proposed in the literature. The second reason for the low exergy destruction ratio of
the copper-chlorine cycle is the small hydrogen production contribution percentage in the
proposed hydrogen production plant, which is 7.43%. Regarding an experimental
validation of the generated model, the copper-chlorine cycle is still in the proof-of-principle
and bench-scale apparatus stage. Thus, there are a very limited number of studies on the
simulation and thermodynamic analysis of the Cu-Cl cycle to compare with. Most work
done on the copper-chlorine cycle regarding full cycle simulation and integration was done
by Orhan et al. [20,40,46,56] and Ozbilen et al. [21,39]. The CASU has the second highest
exergy destruction of the subsystems in the hydrogen production plant after combined
cycle (see Figure 5.4). It has the lowest exergy efficiency in all of the subsystems in the
hydrogen production plant. The low exergy efficiency and the high exergy destruction rate
for the CASU is because the system consumes large amount of work for separation process.
The results of the separation process is O2 and at a low pressure of 152 kPa, which is not a
combustible gas. Having high quality and high amount of energy input to the CASU plus
low energy in both quality and quantity in the output of the CASU, resulting in low exergy
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efficiency. This also explains the reason for having the lowest energy efficiency among all
of the subsystems.

Figure 5.3 The unit thermal energy interactions in the proposed design of the copperchlorine cycle in System 1 (see Figure 3.9 for the location of the reactions in the x-axis of
the graph).

Figure 5.4 The exergy destruction ratios of the main subsystems of System 1.
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Figure 5.5 The unit thermal exergy interactions in the proposed design of the copperchlorine cycle in System 1 (see Figure 3.9 for the location of the reactions in the x-axis of
the graph).
Regarding the contribution of the CASU in the total exergy destruction rate of the
system, it has the second highest contribution ratio of 19% after the combine cycle as
shown in Figure 5.3. The gasifier and the WGSMR have the highest energy and exergy
efficiencies of all the subsystems of the hydrogen production plant. However, the WGSMR
and the gasifier have the third and the fourth place in the most contributors in the total
exergy destruction of the plant. The exergy destruction ratio of the WGSMR and the
gasifier are 15% and 13%, respectively. The syngas compositions and the gasifier operating
conditions are given in Table 4.3.
The subsystem with the highest exergy destruction rate is the HFCC as shown in
Figure 6.1. Having the highest exergy destruction rate in all the proposed hydrogen
production plant subsystems results in making the HFCC the main contributor in the overall
plant exergy destruction ratio of 25% as shown in Figure 5.3.
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Figure 5.6 The work rates of the work producing and consuming devices in System 1.

Figure 5.7 The energy efficiency of the work consuming and producing devices in System
1.
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Figure 5.8 The exergy destruction rates of the work producing and consuming devices in
System 1.

Figure 5.9 The exergy efficiency of the work producing and consuming devices in
System 1.
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Figure 5.10 The energy and exergy efficiencies comparisons of the integrated gasification
systems proposed in [27–34] with the results of the proposed hydrogen production plant in
this research.
The main and the largest work consuming and producing devices in the proposed
hydrogen production plant is the Brayton cycle, HCS, HFCC and CASU. All of the work
consuming and producing devices in the proposed hydrogen production plant results are
shown in Figures 5.6-5.9. Shown in Figure 5.6 the work rate produced or consumed by
these devices for the case of hydrogen production rate of 500 kg/day. Shown in Figure 5.7
the energy efficiency of each of the work consuming and producing devices in the proposed
hydrogen production plant. The highest work rate producing device is the gas turbine in
the HFCC cycle (GAST see Figure 3.10) as shown in Figure 5.6. The highest work rate
consuming device is the air compressor in the HFCC cycle (C5 see Figure 3.10) as shown
in Figure 5.6. Shown in Figures 5.8 and 5.9 the exergy destruction rate and the exergy
efficiency of each of the work producing or consuming devices. The work producing or
consuming cycle or the device that has the highest exergy destruction rate is the Rankine
cycle part of the HFCC (RC5 see Figure 3.10). However, the work producing or consuming
cycle or the device with the lowest exergy destruction rate is the heat recovery from the
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hydrogen compression intercooler Rankine cycles RC1, RC2, RC3 and RC4 (see Figure
3.9). The Rankine cycle part of the HFCC has the highest exergy destruction rate is because
it receives heat at high temperature but since the steam turbines has a maximum steam inlet
temperature of 650oC [83], resulting in losing a huge amount of exergy when limiting the
temperature of the steam exiting the heat exchanger HX5 see Figure 3.10. The lowest
exergy destruction rate of the Rankine cycles RC1, RC2, RC3 and RC4 (see Figure 3.9) is
because the temperature of the compressed hydrogen exiting each stage in the HCS is
below the steam turbines maximum steam inlet temperature of 650oC [83], which results
in less amount of exergy lost. Since the inlet temperature of the compressed hydrogen
entering heat exchanger is very close to the steam temperature exiting the heat exchanger.
It is recommended to use another cycle to produce the needed work rate of the hydrogen
production plant in the place of the HFCC system, due to its large exergy destruction rate.
Finally, the proposed system energy and exergy efficiencies are compared to that
available in the literature regarding hydrogen production through coal gasification. Note
that none of the systems that were proposed in the literature and are mentioned here in the
comparison try to compress the hydrogen produced. The comparison is presented in Figure
5.10 which present the comparison in an easy way to comprehend the results.
5.2 Results of System 2
The results of the simulation and thermodynamic analysis of the proposed integrated
system are reported in Table 5.2, which lists the energy and exergy efficiencies of the
proposed integrated system plus the hydrogen production rate for the two cases considered.
The heat interactions and the associated exergy for each reactor in the Cu-Cl cycle (see
Figure 3.12 for reactor names) are shown in Figure 5.11. The Cu-Cl cycle reactor that
requires most of the cycle heat per mole of hydrogen produced is the Cu2OCl2
decomposition reactor (B6 in Figure 3.12). The Cu2OCl2 decomposition reactor also has
the highest exergy consumption in the Cu-Cl cycle. The reactor that produces the most of
the heat per mole of hydrogen produced within the cycle is the CuCl solidification reactor
(B8 and B28 in Figure 3.12).
The work rates per kilogram of hydrogen produced for work rate consuming and
producing devices in the integrated system are shown in Figure 3.12 and their energy and
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exergy efficiencies are shown in Figure 3.13. The component with the highest work rate
production is the gas turbine (GAST) in the SCC system. Since the SCC system provide
the required power by the compression system and by the Cu-Cl cycle electrolysis reactor.
The component with the highest work rate per hydrogen produced consumption is the
hydrogen compressor (C6) in the SCC system. The work producing or consuming device
with the highest exergy destruction rate per kg of hydrogen produced is the SCC gas turbine
(GAST). The SCC system gas turbine have the highest exergy destruction rate makes sense
since it is responsible for the production of high work rates per each kg of hydrogen
produced.
The energy and exergy efficiencies of the Cu-Cl cycle without considering the
steam circuit are close to those reported in the literature. Without considering the steam
circuit means without considering the method of delivering the heat to the cycle, and
instead considering the heat required by the reaction and other heating or cooling processes.
The energy and exergy efficiencies for non-steam circuit Cu-Cl cycle are found here to be
38.2% and 69.2% respectively. These values are very close to the corresponding
efficiencies of 44.8% and 73.0% respectively reported by Orhan et al. [20,40,46].
Table 5.2 The results of the simulation of the proposed (nuclear-based) integrated system
for hydrogen production for the two cases (System 2).
Parameters
Case description
SCC energy efficiency (ηSCC )
SCC energy efficiency (ψSCC )
HCS energy efficiency (ηHCS )
HCS exergy efficiency (ψHCS )
Integrated system energy efficiency (ηov )
Integrated system exergy efficiency (ψov )
Hydrogen production rate
Hydrogen consumed for SCC
Net hydrogen produced at high pressure
(700 bar)
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Case 1
Including the
steam circuit
design that was
proposed
39.7%
40.4%
14.7%
36.1%
16.8%
27.8%
6.28 kg/s
2.72 kg/s

Case 2

3.56 kg/s

5.24 kg/s

Without including
the steam circuit in
the design
39.7%
40.4%
14.7%
36.1%
24.8%
40.9%
9.12 kg/s
3.88 kg/s

Figure 5.11 The unit thermal energy interaction in the Cu-Cl cycle reactors per each mole
of hydrogen the cycle produces in System 2 (kJ/mol H2).

Figure 5.12 The unit thermal exergy content interaction in the Cu-Cl cycle reactors per
each mole of hydrogen the cycle produces in System 2 (kJ/mol H2).
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Figure 5.13 The work rate and exergy destruction rate per kg of hydrogen produced by the
integrated system of all work rate producing or consuming devices in System 2.
There are several reasons for the differences. First, in the current design the
hydrogen produced is allowed to cool without recovering the heat for safety purposes. The
extra steam provided to the hydrolysis reactor to obtain 100% conversion of the reactants
is considered in this model, but not by Orhan et al.[20,40,46]. Since the Cu-Cl cycle is
integrated with a nuclear reactor producing heat in the form of supercritical superheated
steam, the steam circuit which provides and recovers heat for the cycle needs to be
considered.
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Figure 5.14 The energy and exergy efficiencies and the work rates of the producing or
consuming devices in the nuclear-based integrated system (System 2).
The HCS bottoming Rankine cycles are found to reduce the required compression
power by 18%. The remaining 82% is covered by the SCC. Most (90%) of the power
produced by the SCC cycle is used for the electrolysis reactor in the Cu-Cl cycle and the
remaining 10% drives the HCS compressors. As shown in Figure 5.15 the energy efficiency
of the HCS is 14.7%. This low value is due to the high work rate that is provided to the
system to increase the pressure of the hydrogen while maintaining a final temperature of
the compressed hydrogen as low as possible. The exergy efficiency of the HCS is 36.1%,
which is higher than its energy efficiency because in the exergy analysis the high pressure
compressed gas has a high exergy content. Also shown in Figure 5.15 and 5.16 is are the
energy and exergy efficiencies of the SCC, which are 39.7% and 40.4% respectively.
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Figure 5.15 The energy efficiency of the main subsystems of the integrated system
(System 2) while considering the two cases taken into consideration.
In the first case, a specific steam circuit design was proposed which is presented in
Figures 3.11 and 3.13. The proposed steam circuit design consumed heat from the nuclear
reactor per each kg of hydrogen produced more than what the Cu-Cl cycle actually needs.
The extra heat absorbed from the nuclear reactor was to accommodate the heat losses in
the circuit. Due to that, the energy efficiency of the Cu-Cl cycle was lower than what the
cycle can offer. The second case was considering only the heat that is required by the CuCl cycle to produce the hydrogen. The energy and exergy efficiencies of the main
components of the integrated system for the first and the second cases are shown in Figures
5.15 and 5.16. The exergy destruction ratio of the main components of the integrated
system for the two cases considered are shown in Figure 5.17. The energy and exergy
efficiencies of the Cu-Cl cycle (see Table 5.2) decreases from 38.2% and 69.2% to 27.2%
and 50.7% when the proposed steam circuit design is considered. The drop in the
efficiencies of the Cu-Cl cycle indicates the importance of considering the steam circuit in
the analysis of the Cu-Cl cycle when the heat provided to the cycle is from steam.
Considering the steam circuit is also important due to its effect on the overall efficiencies
and the mass flow rate of the hydrogen produced.
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Figure 5.16 The exergy efficiency of the main subsystems of integrated System 2 while
considering the two cases taken into consideration.
The overall energy and exergy efficiencies and the mass flow rate of net hydrogen
produced from the plant drops from 24.8%, 40.9%, and 5.24 kg/s to 16.8%, 27.8%, and
3.56 kg/s (see Table 5.2). Note that the hydrogen produced is at high pressure of 700 bar.
Regarding the exergy destruction contribution, the contribution percentage of the main
components is shown in Figure 5.17. The contribution of the Cu-Cl cycle to the overall
exergy destruction rate of the integrated system increases when the steam circuit is
considered. One of the reasons for that is the increase in the mass flow rate of the hydrogen
sent to the SCC. The mass ratio of the hydrogen sent to the SCC increase from 42.5% to
43.3% when the steam circuit is considered in the analysis. Figure 5.18 compares between
published results of nuclear-based integrated systems and the two cases proposed in this
thesis for the nuclear-based System 2.
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Figure 5.17 The exergy destruction contribution percentage (%) for the two cases, on the
right the case where the steam circuit is considered in the analysis, and on the left the case
where the steam circuit is not considered.

Figure 5.18 The energy and exergy efficiencies comparisons of the integrated nuclearbased systems proposed in this thesis and in the work of Ozcan and Dincer [42].
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5.3 Results of System 3
The simulation results and the results of the energy and the exergy analyses are reported
next for the hydrogen production plant and its components. All results are calculated using
Aspen Plus software and Aspen Hysys. However chemical exergies, efficiencies, and
exergy destruction rates are calculated using a programmed Excel sheet, and the heliostat
solar farm is simulated using EES in the light of the currently running 5 MWth heliostat
field own by Greenway CSP in Mersin, Turkey [77]. The reference environment
temperature and pressure are 25oC and 1 atm respectively. The overall performance of the
hydrogen production plant that is completely dependent on clean solar thermal energy is
reported next. The overall performance of the plant is summarized in Table 5.3. Reported
in Table 5.3, the overall energy and exergy efficiencies of the proposed hydrogen
production plant are 13.6% and 22.3%. The hydrogen production plant has the ability to
produce 4.97 g of hydrogen per second as long as the solar intensity is 800 W/m 2. The
properties of the produced hydrogen are at a pressure and temperature of 700 bar and 25oC.
The plant also produces 78.0 kW of electricity for a factor of safety and for any
component electrical requirement or losses that were not considered. The performance
results of the hydrogen production plant subsystems is provided next. These subsystems
include solar heliostat farm, Cu-Cl cycle, HCS, and SRC. The energy and exergy
efficiencies are shown in Figures 5.19 and 5.20 and the exergy destruction rate is shown in
Figure 5.21 of the hydrogen production plant main components. As shown in Figure 5.21
the Cu-Cl cycle has the lowest exergy destruction rate due to its high exergy efficiency and
the high-quality product it produces.
Table 5.3 The overall results of the hydrogen production plant which is completely
dependent on the solar thermal energy (System 3).
Parameter
Value
Unit
Energy efficiency
12.6
%
Exergy efficiency
20.7
%
Hydrogen production rate*
6.97
g/s
*
Electricity generation rate by the system
322
kW
Pressure of produced hydrogen
700
bar
o
Temperature of produced hydrogen
25
C
*
Exergy destruction rate
3.54
MW
* at the specified solar intensity in Table 4.3.
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The solar heliostat farm model and the parameters selected were able to produce 5
MWth in the form of superheated steam at 550oC and 55 bar. The energy and exergy
efficiencies of the Cu-Cl cycle are 38.2% and 89.4% respectively, similar to the results
reached by Orhan et al. [40] for the five-step Cu-Cl cycle. The heat rate and the associated
exergy with that heat for the Cu-Cl cycle is shown in Figure 5.22. The energy and exergy
efficiencies of the five-step Cu-Cl cycle reported by Orhan et al. [40] were 44.8% and
73.0%. The energy efficiency and the work rate interaction of the main work rate producing
devices is shown in Figures 5.23 and 5.24. The exergy efficiency and the exergy destruction
rate of the work rate producing device is shown in Figures 5.25 and 5.26. The differences
between this research Cu-Cl cycle design results and those by Orhan et al. [40] are due to
mainly the different configuration of the components in the system and the way they
interact with each other’s. The main differences between the Cu-Cl cycle design in this
research and Orhan et al. [40] designs are next. In the proposed design of the Cu-Cl cycle
the produced hydrogen is not recovered, unlike what Orhan et al. [40] proposed, which is
recovering the hydrogen heat. Not recovering the hydrogen heat before storing it rather it
was allowed to cool down to ambient temperature is for safety reasons. This design
difference reduces the energy efficiency. In the proposed design of the Cu-Cl cycle the
water is first preheated by the extra steam and by the separated oxygen after that, the steam
is superheated by the solar thermal energy.

Figure 5.19 The energy efficiency of the main components of System 3 subsystems.
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Figure 5.20 The exergy efficiency of the main components of System 3 subsystems.
In contrast, Orhan et al. [40] did not consider the extra steam suggestion by Wang
et al. [12] to provide the needed reaction heat and shift the equilibrium direction. Results
in increasing the exergy efficiency while adding more realistic approach to the cycle. In
the proposed design of the Cu-Cl cycle recovering the solidification latent heat of CuCl
was done in a way to produce steam at high temperatures to maintain high exergy content
of that heat. In the proposed design of the Cu-Cl cycle, the electricity requirement of the
Cu-Cl cycle is provided by the SRC and the electrical generators.

Cu-Cl cycle, 105
kW

SRC, 210 kW

Other,
434 kW

Solar heliostat
farm, 3003 kW

HCS, 224 kW

Figure 5.21 The exergy destruction rate for the main components of the hydrogen
production plant subsystems.
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The heat interactions and their exergy content in the proposed design of the fivestep Cu-Cl cycle are shown in Figure 5.22. The Cu2OCl2 decomposition reactor B6 has the
second highest heat energy interaction and the second highest exergy interaction since it
requires heat at the highest temperature in the cycle of 530 oC. The highest energy and
exergy interactions are for the solidification of the CuCl. The high exergy content of the
solidification of the CuCl is due to the high and constant temperature of the heat release.
Regarding the Cu-Cl cycle exergy destruction role in the plant. The Cu-Cl cycle has the
least contribution as shown in Figure 5.21. The low exergy destruction contribution of the
Cu-Cl cycle is due to its high exergy efficiency. The Cu-Cl cycle exergy efficiency was
increased by the proposed design of cycle structure and its differences with the designs that
were proposed in the literature.
The Cu-Cl cycle model was not experimentally validated since the Cu-Cl cycle is
still in the proof-of-principle and still, there is no experimental full Cu-Cl cycle. The
number of studies on the simulation and thermodynamic analysis of the Cu-Cl cycle is also
limited. A huge percentage of the work done on the Cu-Cl cycle regarding its simulation
and integrating it to another system was done by Orhan et al. [20,40,46,56] and Ozbilen et
al. [21,39].

Figure 5.22 The thermal energy and thermal exergy interactions in the proposed design
of the copper-chlorine cycle in System 3.
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Figure 5.23 The work rates interactions of the work producing and consuming devices in
System 3.
The largest exergy destruction rate in the proposed hydrogen production plant is
the HCS. Since a large amount of high-quality energy (work rate) is consumed and the
result increases in the pressure of hydrogen. Where hydrogen energy content as a fuel is
much larger than that of the energy associated with high pressure. The second highest
exergy destruction rate belongs to the SRC. It is recommended to use new technologies for
compressing the hydrogen such as electrochemical compression systems.

Figure 5.24 The energy efficiency of the work producing and consuming devices in
System 3.
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Figure 5.25 The exergy efficiency of the work producing and consuming devices in
System 3.

Figure 5.26 The exergy destruction of the work producing and consuming devices in
System 3.
The results for the nuclear-based hydrogen and power production integrated system
are reported in Table 5.4, including the hydrogen production rate, pressure and
temperature, the overall net power output, the overall energy and exergy efficiencies, and
the energy and exergy efficiencies of the subsystems of the integrated system. It is seen
that the system is able to produce 2.02 kg/s of compressed hydrogen at a pressure of 700
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bar and at a low temperature of 25oC, and with a net electrical power output of 553 MW.
The energy and exergy efficiencies of the HCS are 35.8% and 64.8%, respectively.

Figure 5.27 The energy and exergy efficiencies comparisons of the integrated solar-based
systems proposed in [28, 84-87] and the proposed System 3 in this thesis.
Figure 5.27 compare the results of energy and exergy efficiencies of the proposed
solar-based hydrogen and power production system and published solar-based hydrogen
and production systems.
5.4 Results of System 4
The energy and exergy efficiencies of the Cu-Cl cycle, as shown in Table 5.4, are 40.1%
and 60.2%, respectively, which are similar to the 40.1% energy efficiency and 70% exergy
efficiency found by Orhan [46] for the four-step cycle. The reason for the lower exergy
efficiency in this article is that here the method of delivering the required heat is considered
and the energy and exergy inputs to the cycle are based on the supercritical fluid energy
and exergy. The unit thermal energy associated with the Cu-Cl cycle reactors and the heat
exchangers are presented in Figure 5.28. The unit thermal exergy linked to each of Cu-Cl
cycle reactors and heat exchangers are shown in Figure 5.29. The component in the fourstep Cu-Cl cycle associated with the highest unit thermal energy is the dryer (B14), which
is a reason for the exergy efficiency being lower that reported in the literature.
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Table 5.4 The overall hydrogen production rate, pressure and temperature, the overall net
power output, the overall system energy and exergy efficiencies, and the energy and exergy
efficiencies of the subsystems of the integrated system.
Parameter
Overall hydrogen production rate
Temperature of the produced hydrogen
Pressure of the produced hydrogen
Overall net produced power
Integrated system overall energy efficiency
Integrated system overall exergy efficiency
Integrated system overall exergy destruction rate
Four-step Cu-Cl cycle energy efficiency
Subsystems Four-step Cu-Cl cycle exergy efficiency
energy and Power supporting Rankine cycle energy efficiency
exergy
Power supporting Rankine cycle exergy efficiency
efficiencies Hydrogen compression system energy efficiency
Hydrogen compression system exergy efficiency

value
2.02
25.0
700
553
31.6
56.2
630
40.1
60.2
36.1
70.8
35.8
64.8

unit
kg/s
o
C
bar
MW
%
%
MW
%
%
%
%
%
%

The dryer is required to convert the aqueous CuCl2 to solid CuCl2 by evaporating
the water, and is the third step in the four-step Cu-Cl cycle. The amount of water in the
aqueous solution determines the amount of thermal energy required to carry out the drying
process. The amount of water should be at least the minimum amount required to dissolve
the CuCl2 that is produced, and is found to be 20 moles of H2O for each 2 moles of CuCl2.
The second highest thermal energy supply is to the Cu2OCl2 decomposition reactor (B6).
However, the component in the four-step Cu-Cl cycle that is associated with the highest
unit thermal exergy is the Cu2OCl2 decomposition reactor, since it has to be maintained at
a temperature of 530oC and is the second highest unit thermal energy consumer. The second
highest thermal exergy supply is to the dryer. Although it is maintained at relatively low
temperature, the dryer requires more than twice the thermal energy than the Cu2OCl2
decomposition reactor. As shown in Figures 5.28 and 5.29 the electrolysis reaction requires
zero thermal energy and exergy since it is operated at environment conditions and any heat
generated is allowed to transfer to the surrounding environment to maintain the reactor at
25oC. However, as reported elsewhere [46], the four-step Cu-Cl cycle requires nearly 55.0
kJ/mol H2 of electrical power. The exergy efficiencies and the unit exergy destruction rates
associated with the components of the four-step Cu-Cl cycle are presented in Figures 5.30
and 5.31. The Cu2OCl2 decomposition reactor is seen there to be the component with the
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highest unit exergy destruction rate, at 85.2 kJ/mol H2. This is expected since that device
has the highest unit thermal exergy interaction in the Cu-Cl cycle. The second highest unit
exergy destruction is attributable to the water jacket of the CuCl solidification reactor
(B18), at 54.8 kJ/mol H2. Since the solidification of CuCl first starts from molten CuCl at
530oC and then the latent heat released at a relatively high temperature of 436oC, compared
to the 100oC temperature of the thermal energy absorbing fluid (water), which means highquality heat is used for a process requiring lower quality thermal energy. The lowest unit
exergy destruction rate is associated with the exchangers B5 and B40, since the unit thermal
exergy associated with each of these reactors is low compared to the cycle reactors.
B40, 46.5

B11, 0.0

B2, 10.7

B14, 949.6

B3, 44.7
B5, 17.5
B10, 45.5

Other,
445.5
B9, 337.8

B1, 108.0

B6, 435.1

Figure 5.28 The breakdown of unit thermal energy (Q̇) (represented by second value for
each item and in kJ/mol H2) associated with each of Cu-Cl cycle reactors and heat
exchangers (identified by first alphanumeric indicator for each item) in System 4.
B14, 211.0

B40, 9.3

B11, 0.0

B2, 6.6

B3, 27.3
B5, 11.0

Other,
260.5

B10, 26.3

B9, 195.9

B6, 273.6
B1, 60.2

Figure 5.29 The Breakdown of unit thermal exergy (ĖxQ̇ ) (represented by second value
for each item and in kJ/mol H2) associated with each of Cu-Cl cycle reactors and heat
exchangers (identified by first alphanumeric indicator for each item) in System 4.
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Figure 5.30 The unit exergy destruction associated with each of the components of the
four-step Cu-Cl cycle in System 4.
The PSR has an energy efficiency of 36.1% and an exergy efficiency of 70.8%, as
shown in Table 5.4. The PSR is able to produce the electrical power required by the Cu-Cl
cycle and the HCS, and also to export 553 MW of electrical power to the grid. The main
components of the PSR are shown in Figures 3.24, while the component exergy efficiencies
and unit exergy destruction rates are shown in Figures 5.32 and 5.33.

Figure 5.31 The exergy efficiency associated with each of the components of the four-step
Cu-Cl cycle in System 4.
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The unit with the highest unit exergy destruction rate is the steam turbine (B32), at
304 kJ/mol H2, which is expected since it has the highest energy interaction between the
components of the SPR system. The unit with the second highest unit exergy destruction
rate is the boiler (B27B30), in which thermal energy with high quality (minimum
temperature of 350oC) is used to raise the temperature of water from 100oC. The lowest
unit exergy destruction rate is the condenser, since the thermal energy is rejected at low
constant temperature and the fluid experiences only phase change, for which the exergy
efficiency is high.

Figure 5.32 The unit exergy destruction of the components of the PSR in System 4.
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Figure 5.33 The exergy efficiency of the components of the PSR in System 4.

Figure 5.34 The unit exergy destruction of the work producing and consuming components
in the HCS in System 4.
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Figure 5.35 The exergy efficiency of the work producing and consuming components in
the HCS in System 4.
The exergy efficiency and the unit exergy destruction rate of the work producing
and consuming components in the HCS are shown in Figures 5.34 and 5.35. This is because
it starts compressing the hydrogen from the dead state conditions, which means that the
total exergy input to the compressor is just the work rather than having two exergy inputs,
since the physical exergy of hydrogen at the dead state conditions is equal to zero.

Figure 5.36 The unit exergy destruction of the condensers and heat exchangers in the HCS
in System 4.
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Figure 5.37 The exergy efficiency of the condensers and heat exchangers in the HCS in
System 4.
The exergy efficiencies and the unit exergy destruction of the heat exchangers and
the condensers in the HCS system are shown in Figures 5.36 and 5.37. The unit exergy
destruction of the main three subsystems are shown in Figure 5.38, where the subsystem
with the greatest unit exergy destruction rate in the integrated system is seen to be the PSR.
Figure 5.39 shows the comparison of the resulting energy and exergy efficiencies of the
proposed System 4, the two cases of the proposed System 2 and Ozcan and Dincer [42]
proposed nuclear-based integrated system.
Other, 3.1

HCS, 8.8
Cu-Cl 4Step, 156

PSR, 463

Figure 5.38 The unit exergy destruction of the main subsystems in the nuclear-based
integrated system (kW/mol H2).
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Figure 5.39 The energy and exergy efficiencies of the proposed nuclear-based System 4
with literature nuclear-based system and the two cases of the nuclear-based System 2.
5.5 Systems Comparison
After proposing four different hydrogen and power production plants that utilize the hybrid
thermochemical and electrical water decomposition cycle that uses the copper and chlorine
compounds. They will be compared based on the energy and exergy efficiencies. Figure
5.40 shows the energy efficiency for each of the four concepts for hydrogen and power
production plants. The concept with the highest energy efficiency is the coal-based
concept, which is because large portion of the produced hydrogen is from the gasification
of coal (removing hydrogen from the coal) and the gasification system already have high
energy efficiency. Figure 5.41 shows the exergy efficiency of the four hydrogen and power
production systems plant concepts. The highest exergy efficiency goes to the nuclear-based
concept with the four-step Cu-Cl cycle. The steam circuit design used in the fourth concept
has a proven to better than the design used in concept 2. Concept 4 produces power from
the supporting Rankine cycle that is also integrated in the steam circuit unlike what is
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happening in concept 2 where the power produced from hydrogen fueled combined cycle.
Concept 3 uses a supporting Rankine cycle but it is standalone not integrated in the steam
circuit. The system with the lowest exergy destruction per each kg of hydrogen produced
is System 1 (coal-based system), due to its high exergy efficiency. Although System 4 had
a higher exergy efficiency than System 1, but the exergy input to System 4 is higher than
the exergy content of coal which explains why System 4 has higher exergy destruction per
each kg of hydrogen produced as shown in Figure 5.42.

Figure 5.40 The energy efficiency of the four hydrogen and power production systems.

Figure 5.41 The exergy efficiency of the four proposed hydrogen and power production
systems.
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Figure 5.42 The associated exergy destruction per each kg of hydrogen produced for each
of the four proposed hydrogen and power production plants.
Shown in Figure 5.43 a comparison between the two nuclear-based proposed
systems, System 2 and 4. System 2 produce electrical power only to fulfil the system power
requirements. However, System 4 produces large amount of power of 552 MW.

Figure 5.43 The power and hydrogen production rates of the two nuclear-based systems.
The four systems that are proposed produce both hydrogen and power. Figures
5.44-5.46 show the effect of varying the amount of power produced by the system on the
hydrogen production rate, energy efficiency, exergy efficiency and the exergy destruction
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rate, except for System 1 since the power produced by System 1 depends on the main
system parameters and to change it some of the main parameters have to be changed.
Resulting in a new system conceptual design. As shown in Figures 5.44 to 5.46 as the
power production of the system increases the energy and exergy efficiencies decreases
except for System 4. System 4 has the best thermal energy management system compared
to the other three proposed systems since it recovers thermal energy from the Cu-Cl cycle
that systems 2 and 3 wastes. Also the power production cycle has an energy efficiency
close to that of the Cu-Cl cycle and since the hydrogen produced by the Cu-Cl cycle needs
to be compressed, then for the case of System 4 as the power production rate increases the
energy and exergy efficiencies increase. Shown in Figure 5.46 as the power produced by
the integrated system increases the energy and the exergy efficiencies increases. However,
the hydrogen production rate decreases, which is due to the conservation of energy. The
exergy destruction rate of the integrated system decreases with more power because less
hydrogen is produced which translate to less power goes to the compression system which
will results in decrease in the overall energy and exergy efficiencies.

Figure 5.44 The effect of varying the amount of power produced by System 2 (nuclearbased) on the energy efficiency, hydrogen production rate, exergy efficiency and the
exergy destruction rate.
Figure 5.47 shows the change in the exergy efficiency of each of the proposed
integrated systems with the variation of the ambient temperature. As the ambient
temperature increases the exergy efficiency increase for all of the four systems.
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Figure 5.45 The effect of varying the amount of power produced by System 3 (solar-based)
on the energy efficiency, hydrogen production rate, exergy efficiency and the exergy
destruction rate.

Figure 5.46 The effect of varying the amount of power produced by System 4 (nuclearbased) on the energy efficiency, hydrogen production rate, exergy efficiency and the
exergy destruction rate.
The increase in the exergy efficiency with the increase of the ambient temperature
is because as the ambient temperature increases the quality (the exergy content) of the
dumped streams decreases resulting in more utilization of the capabilities of the systems.
The exergy destructions per each kg of hydrogen produced by each of the systems are

133

shown in Figure 5.48. The increase in the exergy efficiency results in decrease in the exergy
destruction.

Figure 5.47 The variation of the exergy efficiency of the four systems with the variation
of ambient temperature.

Figure 5.48 The variation of the exergy destruction per each kg produced for each of the
four systems with the variation of ambient temperature.
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5.5.1 Simplified Greenization Factor
Another comparison between the four systems is done based on the greenization factor,
which present the factor of how much CO2 emissions are reduced based on a reference
system. Note that the greenization factor (GF) [88] calculated in this comparison is based
on the operating CO2 emitted during the operation only not considering the maintenance,
manufacturing, installation and transportation. The factors not considered in the
greenization analysis in this section can be the subject of further analysis of future work
through life cycle assessment.
GF =

ṁCO2 ,ref −ṁCO2 ,Sysi

(5.1)

ṁCO2 ,ref

The results of the greenization factor analysis are presented in Table 5.5.
Table 5.5: The greenization factor of the four systems considered in this thesis. (the
reference mass flow rate produced by the system per each kg of hydrogen produced per
second is that produced by System 1).
System
System 1
System 2
System 3
System 4

Greenization factor
0
1
1
1

Presented by Table 5.5 systems 3,4 and 5 has a GF of 1 which is very high, and the
reason for that is not considering the other factors mentioned earlier in this subsection. It
is recommended to perform more detailed GF calculations by considering the other factors.
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Chapter 6: Conclusions and Recommendations
In this chapter the main findings of the analysis of the developed systems are presented,
followed by qualitative conclusions derived from the main findings. At the end of this
chapter a group of recommendations are suggested to continue the research further.
6.1 Conclusions
Current power production plants are modified and integrated with other systems to produce
hydrogen, to show the real potential of these plants to operate in a more environmentally
benign manner. Systems such as these provide a way to adapt to a cleaner global energy
infrastructure, while still recognizing the need to meet energy demands feasibly. This
research developed and assessed the performance of four proposed hydrogen production
plants from various sources of energy, all of which utilizes the Cu-Cl cycle. All of the four
proposed systems were simulated using Aspen Plus process modeling software and EES.
The performance assessment of the proposed systems was based on the energy and exergy
efficiencies. The results show that the integration of nuclear reactor SCWR with the four
step copper and chlorine cycle is a promising integration in terms of energy and exergy
efficiencies. Regarding the coal gasification based system, it is suggested that a new air
separation technology to be used in the place of the cryogenic air separation unit. The
analysis shows that the Cu-Cl cycle is a flexible system that can be connected to different
steam producing systems. Hybrid thermochemical decomposition of the water is a
promising technology that can be integrated with different sources of energies varying from
fossil fuels to the advanced fourth generation nuclear reactors.
An important factor that can affect the selection of the system is the availability of
the main energy source. The technologies for harvesting the energy from the nuclear
material is not available for all countries, which in turn can be a determining factor in the
selection of the hydrogen and power production plant.
The main findings of the thesis research are presented as follows:


The overall energy and exergy efficiencies of System 1 are 51.3% and 47.6%,
respectively.
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System 1 has the capacity to produce 1 kg/s of compressed hydrogen at 700 bar and
4.64 MW of work rate per 8.95 kg/s of Illinois No.6 coal.



The energy efficiency of System 2 is 16.8% (while the steam circuit is considered).



The exergy efficiency of System 2 is 27.8% (while the steam circuit is considered).



System 2 has a hydrogen production rate of 3.56 kg/s.



The energy and exergy efficiencies of the hydrogen compression system in System
2 are 14.7% and 36.1%, respectively.



The energy and exergy efficiencies of the supporting Rankine cycle in System 2 are
39.7% and 40.4%, respectively.



The overall energy and exergy efficiencies of System 3 are 12.6% and 20.7%,
respectively.



System 3 was able to produce 4.97 g/s of compressed hydrogen at 700 bar and 78.0
kW of work rate at a solar intensity of 800 W/m2.



The energy and the exergy efficiencies of System 4 are 31.6% and 56.2%,
respectively.



System 4 was able to produce 2.02 kg/s of highly compressed hydrogen at 700 bar,
and 553 MW of power.



The subsystem that destroys the most exergy in System 4 is the power supporting
Rankine cycle of 463 kW/mol H2.

6.2 Recommendations
Hydrogen production plants (four design concepts) were proposed in this thesis. The four
proposed hydrogen production plants were thermodynamically designed, modeled and
analyzed. These four systems were able to prove that a hybrid thermochemical water
decomposition cycle that is based on a copper chlorine cycle is a promising candidate for
replacing the usual Rankine cycle. A group of recommendations are presented for further
studies and experimental investigation. These recommendations are as follows:


Systems that integrate a hybrid thermochemical water decomposition cycle
utilizing the chemical couple copper and chlorine may consider the method of
delivering the heat or recovering the heat to and from the cycle in their energy and
exergy analysis.
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In all four systems the power supporting system have the largest share in the system
overall exergy destruction. It is recommended that future work should test whether
sending all the thermal energy from the solar system to the Cu-Cl cycle and then
producing electricity by sending the required fraction of the hydrogen produced to
a fuel cell, compared to the current system, has higher energy efficiency.



Future work in thermal systems integration can include the hybrid thermochemical
water decomposition cycle that is based on the Cu-Cl compounds and utilize the
wasted heat by upgrading it with the a heat pump.



Further studies on replacing the power supporting Rankine cycle with a more
efficient system should be investigated. A good replacement for the power
supporting Rankine cycle is a solid oxide fuel cell, where most of the thermal power
received from the nuclear reactor goes to the hybrid thermochemical and electrical
water decomposition reactor while part of the produced hydrogen goes to the solid
oxide fuel cell that is also heated by the nuclear thermal energy.



Further studies should conduct more than one energy source integrated with the
Cu-Cl cycle and other supporting systems.



Using nuclear-based power and hydorgen produciotn systems will save the
enviroment large mass of emitted CO2. Further studies can be conducted for
different schemes to get the best possible results for the nuclear-based system and
report how much CO2 will be saved by their schemes.



The sustainability of the proposed systems should be the subject of further research
to provide another performance measure for the systems other than energy and
exergy efficiencies that were considered in this thesis.



Economic analysis of the proposed system should be the subject of further research
providing another valuable assessing factor.



Further studies should consider replacing the subsystems with other technologies
that can provide the same function, and check the effect of such activity on the
overall energy and exergy efficiencies of the system.
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