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Abstract 

This thesis study develops, analyzes and evaluates three integrated systems using process 

heats available in industrial applications for hydrogen production via copper-chlorine (Cu-

Cl) cycle. The first system consists of single- and multi-stage reheat Rankine cycles, a four-

step thermochemical Cu-Cl cycle, and a hydrogen compression system. Systems 2 consists 

of a thermochemical four-step hydrogen production Cu-Cl cycle, a hydrogen compression 

system and a multi-stage reheat Rankine cycle. System 3 contains single- and multi-stage 

reheat Rankine cycles, a thermochemical hydrogen production Cu-Cl cycle, a hydrogen 

compression system and a reverse osmosis desalination unit. Both Aspen Plus and 

Engineering Equation Solver software packages are employed for system analysis, 

modeling and performance assessment. The overall system energy and exergy efficiencies 

are found to be 39.8% and 40.5% for the first system, 32.7% and 32% for the second 

system, and 48.6% and 40.2% for the third system. 

 

Keywords: Hydrogen production; thermal management; energy conversion; Cu-Cl cycle; 

heat recovery; Rankine cycle 
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Chapter 1: Introduction 

 

Energy is a key resource in wealth generation and economic development of countries. 

Major growth in the population and economic development is occurring around the world. 

Energy demand and availability are the two key factors which play an important part in 

bringing economic development.   

1.1 Energy Needs and Challenges 

The energy demand is increasing very quickly. Energy supply from different sources in 

past 25 years can be seen in Figure 1.1. The resources which covers this increase in energy 

demand are facing excessive challenges and also resulting in quick depletion of these 

resources. The major part of the energy demand is set to be covered by the fossil fuels, and 

this is the exact reason for faster depletion of fossil fuels. The main drawback while using 

fossil fuel is the emissions produced which results in many environmental problems and 

global warming [1]. With the deficiency of efficiently available fossil fuel resources and 

the environmental problems connected with it, some other sources like renewable energy 

sources are required which are viable and environmentally benign as well. 

 The main reason behind industrial and academic research efforts is global warming 

[2]. This has much importance regarding environmental impacts, which is somehow 

connected to social sustainability and economic sustainability [3]. 

Many methods like integrated power plants and running power plant at full capacity are 

being used to increase energy production efficiency through fossil fuels. Due to the 

variation in energy demands in day and night times, fixing a full capacity for the power 

plant will not be a suitable and practical solution if energy storage system is not being used. 

 Hydrogen receives a benefit of working as both energy carrier and energy storage 

system [5], and efficiency can be increased by operating the power plant at full capacity if 

excess energy is stored [6]. 
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Figure 1.1 Energy supply by different sources (data from [4]). 

 Muradov and Veziroglu [7] worked the different methods to produce hydrogen as 

a green path from fossil fuels. Electrolysis is one of the leading methods, Cu-Cl cycle is 

also one of the encouraging and promising processes for hydrogen production. Producing 

hydrogen through one step from heat while skipping the intermediate step of converting 

heat into electricity is one of the leading advantages of hydrogen production through the 

thermochemical cycle. Hydrogen is produced from fossil fuels through many processes 

like biomass gasification, steam methane reforming, and coal gasification. Coal plays a 

vital role in the most abundant Fossil fuel worldwide in power production. Coal 

gasification is often coupled with power producing combined cycles. Presently, the higher 

portion of hydrogen is produced from coal worldwide [8]. 

The CO2 emissions by blast furnace gases are plotted and compared in Figure 1.2. 

This emission data excludes the emissions during power generation. The highest relative 

amounts of CO2 emissions occur in the iron and steel sectors, and also non-metallic mineral 

sector which accounts for 27% each. Then the chemical and petrochemical sector have 

16% of the CO2 emissions. The CO2 emissions from various industrial sectors are shown 

in Figure 1.2. 
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Figure 1.2 CO2 emissions from blast furnace gas used by the iron and steel industry (data from 

[9]). 

1.2 Waste heat sources 

In this thesis, the terminology of “waste heat” will refer to exhaust gas streams from 

industrial processes which are emitted, to a lesser or greater extent, to the environment. 

Often a portion of this exhaust heat is recovered, in whole or in part, through other internal 

processes so that the temperature of the gas stream is reduced significantly before it is 

released to the environment. These internal recovery processes vary among different 

industrial processes, depending on the overall plant efficiency. Recent advances in energy 

conservation have significantly improved the efficiency of heat recovery processes in 

industry. Nevertheless, there are still significant remaining exhaust heat streams at the 

upper limits of temperature in the Cu-Cl cycle which are emitted to the environment as 

waste heat. In this thesis, it will be assumed that the exhaust gas streams from the industrial 

processes are primarily used for three integrated systems involving hydrogen, electricity 

and fresh water production. 
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The energy usage of different industries is described in Figure 1.3 in past 25 years. 

Steel, cement and glass industries occupy a huge part of total energy requirements, and 

these industries are also providing with the high amount of materials production. Currently, 

the leading industries with respect to the waste heat source temperatures are steel, cement 

and glass industries [10–13]. 

1.2.1 Steel Industry 

Steel is considered as the basic building block worldwide. Many industries and appliances 

like automobiles, oil pipelines, appliances, buildings and bridges use steel as a base 

material. Steel manufacturing exists for centuries, and the steel making process continues 

to develop. Steel is produced by many ways in furnaces by melting different ores like scrap 

metal, iron ore or other additives. The molten metal from the furnace is solidified into 

partially finished shapes before being rolled in different shapes like beams, rod, sheets, 

wire, and tubing. Using scrap metal for making steel is the cheapest method. Many sources 

like automobiles, household appliances, and old bridges provide with the steel scrap which 

is then placed in a furnace, the extreme heat in furnace melts the scrap into molten steel 

[11]. 

1.2.2 Cement industry 

Cement is synthesized by the controlled chemical composition of limestone, clays, silica, 

iron ore and slag. A rock-like substance is formed when this controlled composition is 

heated at very high temperatures which are then grounded into fine powder. Different 

processes are performed and started from quarry the mixture of raw materials and rocks 

are crushed after quarrying To manufacture the cement [14]. This is distributed into several 

stages. In the first step, rocks are crushed to 6 inches of maximum size. Then hammer mills 

reduce the rock size to 3 inches or less. This crushed rock is then mixed with other materials 

like fly ash and then entered in the cement kiln. These ingredients are then heated up to 

about 1500 degrees Celsius in the cement kiln. The finely grounded slurry is then fed into 

the top end. This slurry is then converted into clinker by passing through the kiln. Clinker 

is then entered in different coolers to obtain the handling temperature. The cooling of 

clinkers produces heated which is entered to the kilns, and this process saves fuel. After 
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passing through the cooling section, these clinkers are grinded and mixed with the small 

composition of limestone and gypsum. Cement then becomes ready for transport [10]. 

1.2.3 Glass industry 

The glass manufacturing techniques are differentiated on the basis of manufacturing scale 

and scope and different specifications like specific product quality and ultimate 

compositions required. So glass manufacturing process is widely divided into two sections 

of the batch, and continuous process and both of these methods can be used for 

manufacturing common glasses like soda lime silicate glass and borosilicate. Glass quality 

basically depends upon many processing factors such as flexibility in design, volume, cost, 

and speed. The advantage of continuous processing is that raw material is continuously fed 

into the furnace which makes the production continuous [15,16]. 

 

Figure 1.3 Energy usage of different industries (data from [12]). 

1.3 Motivation 

The various energy challenges which we are facing currently have some expectations from 

hydrogen to become a solid fuel and overcome these energy challenges. The main 

advantage behind this is because when hydrogen is oxidized, it does not eject the 

greenhouse gases and with this environmentally benign method, global warming is 
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controlled, and living species are not affected. Hydrogen can be used as a clean energy 

carrier and fuel as well if it is obtained through clear energy source. Some industries such 

as steel, cement, and glass are consuming a huge portion of total energy requirements and 

playing an important role in materials production while some flue gases are emitted by 

these industries. These exhaust gases are at very high temperatures and sometimes contains 

some emissions as well. Therefore, producing hydrogen from clean energy sources to solve 

the environmental issues and recovering the waste heat to produce hydrogen from clean 

energy methods is the motivation of this research. Three energy systems are introduced 

and analyzed during this research which should be able to produce clean hydrogen by 

recovering the industrial waste heat and environment friendly as well.   

1.4 Objectives 

In this study, a complete analysis of copper-chlorine cycle integrated with a different 

system is presented. The thermodynamic analysis and simulations of the systems proposed 

in this study are performed in Aspen Plus simulation software and Engineering Equation 

Solver (EES). The specific objectives of this study are presented as follows: 

 To develop three different configurations of integrated systems for hydrogen 

production through the copper-chlorine cycle and power production. These 

proposed systems produce clean hydrogen by the thermochemical Cu-Cl cycle. The 

significant components of proposed systems are a waste heat source, 

thermochemical copper-chlorine cycle, multistage Rankine cycle and supporting 

systems. 

 To develop the model of three proposed systems using Aspen Plus as simulation 

software. The mathematical modeling of some systems is performed in Engineering 

Equation Solver (EES). 

 To validate the results of subsystems of the proposed systems with previously 

published data. 

 To investigate the detailed energy and exergy analyses on each of the newly 

proposed systems: for each proposed systems, performing complete energy and 

exergy analyses; by thermodynamic analysis, determine the energy and exergy 

efficiencies of all three proposed system and subsystems; calculating the exergy 
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efficiencies and exergy destruction rates of each component of all three proposed 

systems.  

 To determine the performance assessment of all three proposed systems in terms of 

energy and exergy efficiencies. The exergy efficiencies and exergy destruction rates 

are calculated for all components of each system, and overall performance is also 

measured. 

 To perform comprehensive parametric studies on the systems and evaluating the 

proposed systems by varying different working conditions to see their effects on 

the proposed systems. 

 The waste heat sources used to develop the systems consider waste heat sources 

from the different industrial group (steel, cement and glass industries). 

 For the modeling, developing and simulating the proposed systems, the simulation 

software Aspen Plus and Engineering Equation Solver (EES) are used in this thesis. In this 

thesis, the proposed systems are realistic and applicable to the designs developed in the 

literature.  
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Chapter 2: Literature Review 

 

This chapter describes the comprehensive literature review on hydrogen production from 

thermochemical copper-chlorine cycle and industrial waste heat sources. Hydrogen is 

produced by clean energy method which can be stored, used for industries, used for storage 

and can also be used for filling the fuel tank of hydrogen-fueled vehicles. Produced 

hydrogen can be used for many purposes such as: for electricity production; it can be used 

in fuel cells; can be used to produce heat by combusting it; can also be used in the 

production of some other fuels like ammonia. 

2.1 Use of steel industry waste heat 

Canada’s primary steel production is represented by Canadian Steel Producers Association 

(CSPA) at the national level. The steel sector is one of the largest industries of Canada 

which generates more than $8 billion of sales and $3 billion exports per year and provides 

employment to almost 35000 employees [11]. The primary focus of this study is producing 

steel and forming hot rolled products. Twelve steel-production plants of Canada consisting 

of eight electric arc furnace (EAF) plants and four integrated plants are considered in this 

study and production of these plants in 2002 was 14.9 million tonnes [11]. These were 

some of the primary objectives of this report such as: introducing a methodology for 

efficiency benchmark determination of Canadian steel producers; propose some new 

technologies for making the process more energy efficient; provide with the energy-

intensity benchmark collection, and present a technology penetration and benchmarks 

comparison of plants. Various industrial waste heat sources like steel, cement, and glass 

industries are available for waste heat recovery. In this study, a very useful product 

hydrogen and power is produced by using these industrial waste heat or flue gases. Many 

studies are presented for the waste heat recovery, reheat blast furnace, steel industry heat 

treatment and utilizing waste heat [17–23]. Gerdau Steel mill in North America is one of 

the top three largest mini-mills in North America as a steel recycler and steel producer. 

Flue gas temperature from Gerdau steel industry is 810 ℃, and it has the available heat 

content of 7876.18 kW [24]. The total manufacturing capacity of Gerdau Long Steel North 

America (GLSNA) is almost 12 million tons per year. 
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 Arzbaechar et al. [25] considered a study on industrial waste heat recovery. The 

industries are using a tremendous amount of energy described in Figure 1.3 while some 

significant amount of energy is wasted in different forms like air streams, flue gases and 

exhaust gases in the form of heat. Waste heat can be defined as the energy associated with 

different waste streams of heat like exhaust gases leaving the industry and entering into the 

environment. These waste heat streams then mix up with atmospheric air and sometimes it 

causes environmental pollution as well. Even though recovering full available waste heat 

is not technically feasible, but there is still plenty of room available to improve the efficient 

use of energy. Greenhouse gases (GHG) can also be diminished by recovering industrial 

waste heat [25]. The fundamental source of industrial waste heat is the exhaust gases 

ejected from heating equipment like boilers and furnaces. These high-grade sources of 

waste-heat can easily be used for preheating. The results from different studies are 

extracted in this paper to identify the industrial waste heat sources [25]. 

 Luo Siyi and Feng Yu [26] presented a paper on the waste heat recovery from the 

blast furnace slag which is the main by-product of the steel industry. This waste heat from 

blast furnace slag goes through endothermic reaction and produces hydrogen-rich gas. In 

this study, the effect of different parameters like mass ratio, feed moisture, slag temperature 

and particle size on the gas characteristics and product is evaluated. It was concluded that 

the blast furnace slag temperature significantly affected the distribution of pyrolysis 

products. Zhang et al. [27] presented a study that the energy consumption of steel industry 

can be reduced and use of energy can be more efficient by making use of waste heat from 

blast furnace slag. On the basis of dry slag granulation technology, integrating air Brayton 

cycle was proposed for this waste heat recovery. Air Brayton cycle finite time 

thermodynamic model is established in this study its performance is analyzed while being 

operated with waste heat recovery and it was concluded that 11.98% of recovery efficiency 

could be achieved. 

 Margo et al. [28] proposed a new energy based recovery system by integrating the 

steel industry waste heat with phase change materials. An auxiliary section is introduced 

between the steam generators, and phase change materials which supply with the auxiliary 
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heat required for off gas thermal content and result is concluded. The fluid flowing inside 

the tubes extracts the heat from phase change materials by heat transfer. 

 Zhang et al. [29] proposed some new techniques of heat recovery from steel 

industry molten slag. Quenching water is the most common technique used for heat 

recovery, but this technique is failed to recover slag sensible heat. Some of the physical 

heat recovery methods like air blast, mechanical crushing and some chemical heat recovery 

methods like coal gasification, methane reforming are proposed and investigated. The 

current research, challenges, working principle and future prospects of waste heat recovery 

techniques are presented. The technologies presented in this study considers cooling slag 

particles and heat recovery rate as well which plays a vital role in the viable development 

of steel industry. 

2.2 Use of cement slag waste heat 

Waste heat recovery from cement industry blast furnace slag usually faces some 

contradictions by the requirement of generating amorphous slag to use it for cement 

production [30]. The slag from cement blast furnace has resemblance with lava and have 

the high composition of lime, silica, and alumina. Numerous studies are conducted to 

recover the slag waste heat, cement strength enhancement, reuse of fly ask slag, hydraulic 

cement blinder production and utilizing the waste heat [31–38]. In the previous few 

decades, various processes for recovering the waste heat in the form of fuel, heat, and 

electricity have been introduced. The Barati et al. [39] presented a study on waste heat 

recovery from molten slag. The high temperature range 1200-1600 ℃ of slag presents 

some opportunities to recover the waste heat. Presently, the work is being done of three 

different technologies for recovering slag waste heat. The recovery as hot steam is best 

developed it has the recovery efficiency of 65%. The other two technologies thermoelectric 

power generation and chemical energy conversion as fuel are arising as research areas of 

heat recovery. It is concluded that for the discussed two methods, two-step process with 

produce high efficiency considering minimum technical risk. 

 One attempt for the granulation and blast furnace heat recovery was presented by 

NKK utilizing a twin–drum technology [40]. In this technique, slag is drained in between 

the two drums. When these drums rotate outside, a slag coating is dragged and frozen on 
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the drums. The boiler gets the heat for steam generation through the heat achieved by the 

coolant inside the two drums. This study conducted large-scale trials at Fukuyama Works 

and resulted in 40% of heat recovery. A water stream is passed through the molten 

granulated slag which converts this water into the steam and this steam is then linked with 

the thermochemical Cu-Cl cycle [30]. 

 Liu et al. [41] investigated the performance perimeter of granulated cement slag. 

The most common technique which is used for slag heat recovery is water quenching, and 

slag is used in cement production after water quenching. The result was concluded that slag 

distribution of dry granulation has maximum resemblance with the slag obtained from 

quenching. Qin et al. [42] developed a system for waste heat recovery. The slag which is 

the primary by-product of the blast furnace is a source of waste heat, and many technologies 

have been developed to utilize this vast quantity of sensible heat. A new system for 

recovering and utilizing the waste heat from slag based on granulation of molten slag and 

pyrolyzing circuited board was proposed in this study and feasibility was verified by the 

experiments performed for pyrolyzation and dry granulation. Pyrolysis reaction results in 

chemical energy and an extensive number of combustible gases by converting hot blast 

furnace slag energy. 

 Vilaplana et al. [43] presented a study on laboratory scale cement production from 

ladle furnace. Various compositions of cement and clinker were synthesized on a 

laboratory scale, and cement with great Alite composition was obtained by varying silica 

and alumina ratios. It was concluded that producing cement from ladle furnace slag did not 

impact severely on mineralogical characteristics. Some of the physical properties like 

volume expansion and compressive strength were affected positively but a litter more 

setting time was needed. The final result of this study suggested that this technique can be 

used for cement production to decrease the intensive utilization of energy, raw materials, 

and carbon emissions. 

 Neto et al. [44] presented a study on modification of basic oxygen furnace slag for 

the purpose of making it a suitable additive in cement formulations. Two modified samples 

of re-melted basic oxygen furnace slag of 300 kg additives were manufactured on pilot-

scale. Cement samples were manufactured by 25% composition of modified slag and 
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remaining 75% composition of ordinary cement which resulted in the lower expansion of 

0.1% and higher compressive strength than 40 MPa. 

2.3 Use of glass melting furnace waste heat 

A report [45] on the feasibility study of glass manufacturing plant was presented by 

International Technologies Consultants (ITC) for assessing the establishment of Manitoba 

glass manufacturing plant. This report presented a compilation of data acquired 

government sources, consumers and glass industries including the economic, technical and 

marketing information. The Several studies are conducted on the waste heat recovery from 

glass melting furnace, solid waste residue incineration, glass melting for immobilization of 

nuclear waste, heat transfer in a reverberatory furnace, glass furnace energy benchmarking, 

waste glass processing, power generation from waste heat and waste heat utilization [46–

54]. Some of the desired parameters were specified by the client such as: recognize the 

significant raw materials and see their local availability; installation of approved plant 

location and size; structure definition and glass industry direction; calculate the current and 

future float glass demand; assessment of total cost and expected a profit of proposed plant. 

Kumar et al. [16] presented a case study on the waste heat recovery from glass sector. In 

this case study, it was shown that glass industry is one of the largest commercial energy 

consumers and the primary source of this energy is coal-based. More then 75% of the total 

energy is used in glass melting furnace, and plenty of heat is being released in the form of 

flue gas which has the high heat potential and opportunity of heat recovery with a very 

high temperature of 1300-1500 ℃ and preheating the combustion air was one of the 

solutions suggested for reducing energy consumption. 

 Costa et al. [55] presented the experimental results of the industrial regenerative 

oil-fired furnace for producing glass containers. The data presented as a result included the 

gas with specific concentrations of CO2, CO, O2, and NOx. The results declared: about 1690 

℃ as flame park temperature; about 1520 ℃ exhaust gas temperature and 0.1% CO exhaust 

level. Unfortunately, a minimal amount of experimental data is currently available because 

of difficulty in measuring and controlling such high flames, so validation of the proposed 

mathematical model is practically not possible for glass melting furnace. Dzyuzer et al. 

[56] presented a new technique for evaluating fume heat recovery efficiency. Glass melting 
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furnaces with high capacity are strongly trending in container glass production because of 

being economically efficient. The capacity selected for this analysis was 450 tons a day of 

glass melting furnace which attained the fume temperature of about 1450-1500 ℃. The 

regime parameters and structural regenerator needed to reach an air temperature of 1300°C 

are determined. 

 Sokolov et al. [57] examined the usage of hot glass heat supported by glass melting 

furnace. High energy consumption and high energy losses are the most critical problem of 

glassmaking furnace. Many techniques are proposed regarding this issue, and some 

methods have successfully adopted by industries for enhancing the energy efficiency.  The 

use of hot glass heat in furnace channels for glass container production was examined in 

this paper, and this is made possible by the help of circulating furnace gases technique. The 

total fuel consumption can be reduced by utilizing molten glass heat for natural gas steam 

conversion and used to heat up the furnace melting part, and this technique reduces 5% of 

total fuel consumption. Yazawa et al. [58] investigated the glass melting process without 

any process changes for the thermoelectric energy recovery through waste heat available 

in glass melting furnace. The pellets of melting glass require high furnace temperature 

about 1500 ℃ for the purpose of glass shaping processes which results in an immense 

quantity of exergy which is currently being destroyed. Among variations of thermal paths, 

the fireports are identified as the best potential for the lowest cost. By partially replacing 

the refractory wall in thickness with a thermoelectric generator, heat loss is kept at the 

current 9 kW/m2. High temperature gradient around thermoelectric generator needs 

cooling water heat sink, and its cost is included in the overall cost analysis. 

2.4 Thermochemical Cu-Cl hydrogen production cycle  

Global warming and pollution are the two primary environmental hazards which are being 

faced by humankind, and both of these are linked with our dependence on fossil fuels. 

Various alternatives are available, but hydrogen fuel proposes the maximum benefits 

regarding the reduction of greenhouse gases and pollutant emissions and diversified supply 

as well. Most of the hydrogen available on earth is in an H2O form which is entirely 

oxidized form, and 460 kJ/mol of energy is required to break hydrogen and oxygen bond 

in water. Numerous technologies for hydrogen production are available for producing 
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hydrogen are named as natural gas steam reforming, water electrolysis through different 

sources like solar, wind and nuclear, coal gasification and water splitting by 

thermochemical Cu-Cl cycle. Thermochemical Cu-Cl cycles based on the different number 

of steps and different techniques are also studied and examined [59–72]. 

 Wang et al. [73] presented a study on a new thermochemical Cu-Cl cycle for 

producing hydrogen accompanying the requirements of reduced excess steam. The 

thermochemical Cu-Cl water-splitting is one of the most commonly used methods for 

hydrogen production. The heat requirements for various steps Cu-Cl cycles and their design 

features, heat grade and heat quantity regarding waster requirements are investigated in 

this paper. Naterer [74] presented a study on second law viability for hydrogen production 

from thermochemical Cu-Cl cycle to upgrade the waste heat with heat pumps. Low-grade 

waste heat usually has low-temperature heat and limited practical applications. The low-

grade waste heat is upgraded in this study by exposing this heat to very high-temperature 

exothermic reactors of ammonia/salt through chemical heat pumps. The electricity can be 

produced by utilizing this partially recovered waste heat by the heat engine, and this 

electricity is further used to operate compressors to enhance the vapor pressure in heat 

pumps and heat is supplied to the Cu-Cl cycle processes requiring high temperature. 

Second Law analysis and COP result for a heat pump are examined and presented. 

 Orhan et al. [75] presented a study and analyzed various Cu-Cl cycles to study 

several design schemes containing its components to examine performance improvement 

potential. The factors that determine the number and useful grouping of steps for new 

design schemes are analyzed. A thermodynamic analysis is performed, and a parametric 

study is conducted for different configurations, and factors are analyzed which determine 

the active and suitable group of steps for design scheme. The result related to the 

implementation of these design schemes and their potential benefits is discussed. The Cu-

Cl cycle reaction steps are tabulated in Table 2.1. It can be seen that maximum temperature 

is of decomposition step where oxygen is produced, and the temperature is 500 ℃ [72]. 

Naterer et al. [71] presented a paper on recent advances in Canada on nuclear-based 

hydrogen production by thermochemical Cu-Cl cycle. This study includes reactor 

developments with the integration of Cu-Cl cycle, advanced materials, reliability, 
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thermochemical properties, safety, and integration of hydrogen plants with a nuclear power 

plant in Canada during off-peak hours. As a part of Generation IV International Forum, a 

Canadian consortium is developing some permissive technologies for hydrogen 

production. Figure 2.1 shows the schematic diagram of the four-step thermochemical Cu-

Cl cycle.  

Table 2.1 Four-step Cu-Cu cycle reactions [72]. 

Step Name Reaction Temperature 

range (℃) 

1 Hydrogen 

production 
2CuCl(aq) + 2HCl(aq) → H2(g) + 2CuCl2(aq) <100 

2 Drying CuCl2(aq) → CuCl2(s) <100 

3 Hydrolysis 2CuCl2(s) + H2O(g) → Cu2OCl2(s) + 2HCl(g) 400 

4 Oxygen 

production 
Cu2OCl2(s) → 0.5 O2(g) + 2CuCl(l) 500 

 

 Wang et al. [76] described a study on various steps hydrogen production 

thermochemical Cu-Cl cycles and their comparison. The thermochemical Cu-Cl cycles are 

a very promising cycle for hydrogen production by splitting water. The factors that 

conclude the effective and suitable group of steps are examined [77–82]. In hydrolysis step, 

water requirement does not depends on hydrolysis steps individually but depends on the 

combination of hydrolysis step and drying and hydrogen can be produced by electrolysis 

of CuCl2 or by chlorination of Cu by HCl and the principal advantages and disadvantages 

regarding a number of steps were also discussed. Ferrandon et al. [83] investigated the 

hydrolysis step of the thermochemical Cu-Cl cycle to produce Cu2OCl2 and HCl through a 

spray reactor. A spray reactor is designed by Argonne National Laboratory in which CuCl2 

aqueous solution is atomized, and counter of co-current flow of Ar/steam is injected into 

the heated zone. A significant yield of Cu2OCl2 is obtained in counter-current design 

instead of co-current flow, but a small amount of CuCl2 remained unreacted, and the reason 

behind it was decomposition of Cu2OCl2 instead of CuCl2. Jaber et al. [84] proposed a 

method for increasing the efficiency of thermochemical Cu-Cl cycle through recovering 

heat by molten CuCl. This study focuses on the heat transfer between air and droplets of 

CuCl in the counter-current heat exchanger, and it is analyzed. The thermal management 
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of thermochemical cycle is a critical point and efficiency can be improved exceptionally if 

all heat is recycled inside the system. A spray column contacting directly with a heat 

exchanger is examined for heat recovery in this paper. It was concluded that complete heat 

recovery could be achieved by the heat exchanger with the defined specification of 0.13 m 

diameter, 0.6 m height and 0.5 and 1 mm droplet diameter and results are presented. 

 

Figure 2.1 Illustration of the four-step thermochemical Cu-Cl cycle [71]. 

 Al-Zareer et al. [85] proposed a novel system consisting of a supercritical water-

cooled nuclear reactor supplying heat to the thermochemical Cu-Cl cycle, multistage 

hydrogen compression system and a combined cycle. This proposed system contains a 

multistage hydrogen compression system, and hydrogen is produced through a 

thermochemical Cu-Cl cycle by using a chemical combination of copper with chlorine. 

Aspen Plus is the simulation software used for modeling and energy, and exergy analysis 

is carried out of the proposed integrated system. Cetinkaya et al. [64] presented a 

comprehensive life cycle assessment on different hydrogen production methods which are 
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named as natural gas steam reforming, water electrolysis through solar and wind sources, 

coal gasification and thermochemical CuCl cycle and each method were compared in terms 

of energy equivalents and CO2 emissions. In this paper, a case study of hydrogen fueling 

station in Canada is presented and compared with the resources hydrogen available near 

the fueling station. Regarding CO2 emissions, thermochemical Cu-Cl hydrogen production 

cycle using solar and wind sources are found advantageous as compared to other methods. 

 Dincer and Naterer [68] presented a paper and discussed some new hydrogen 

production methods which have been investigated experimentally and theoretically at 

UOIT. This study also examined the recent approaches in thermochemical Cu-Cl cycle and 

advantages of combining electrolysis with the thermochemical Cu-Cl cycle for hydrogen 

production. A bunch of activities performed at UOIT helped in developing an innovative 

system for hydrogen production through electrolysis to thermochemical Cu-Cl cycles and 

some other integrated cycles for hydrogen production via solar-light. It was concluded that 

both photochemical and thermochemical cycles proposed auspicious potential for viable 

hydrogen production. Naterer et al. [86] presented a study on thermochemical Cu-Cl cycle 

and discussed the hydrogen production by the decomposition of copper oxychloride 

(Cu2OCl2). Heat transfer takes place in Cu-Cl cycle in various endothermic and exothermic 

reactions. This study emphasises on heat requirements of Cu-Cl cycle steps in order to 

recover the maximum heat which results in reducing the heat supply and finally overall 

efficiency of the cycle is improved. This study also analyzes the copper oxychloride 

thermal design which decomposes to produce molten CuCl and oxygen gas. 

2.5 Reverse osmosis desalination unit 

Siddiqui and Dincer [87] conducted a study to analyze and design a system integrating 

desalination, hydrogen production, and electricity generation based on solar tower 

integration. A desalination reverse osmosis unit is integrated into the proposed system. The 

energy and exergy analysis is conducted to evaluate the proposed system and its 

performance. A parametric study is conducted by varying some operating conditions and 

properties to see its effect on system efficiencies. The study concluded some significant 

results about the integrated solar based system and reversed osmosis unit performance. 

Reverse osmosis desalination is integrated with the system in order to recover the low 
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temperature heat. The heat released by the condenser is used by a reverse osmosis 

desalination unit to increase the sea water temperature produces fresh water for a 

community. 

 Khalid et al. [88] proposed a system integrating gas turbine-modular helium reactor 

(GT-MHR), and for generating steam, waste heat is used. A parametric study is conducted 

by varying different parameters like seawater feed inlet temperature, recovery ratio, the 

inlet temperature of turbine and compression ratio to see their effect on RO process 

efficiencies, electricity generation, and overall system. The analysis concluded that 

electricity generation process exergy efficiency is increased by utilizing reactor waste heat. 

 Islam et al. [89] presented a system integrating solar energy and reverse osmosis 

unit. The thermodynamic analysis is also performed for performance evaluation. The 

proposed system contains hydrogen production, heating, cooling, and electricity. 

Homogeneous charge compression ignition (HCCI) engine is included to overcome the 

additional electricity demand. By burning in HCCI engine, the significant portion of cost 

related to the transportation and storage of hydrogen is diminished. The low-cost PV panels 

are cooled by the recovered waste heat from organic Rankine cycle and HCCI engine for 

increasing efficiency. The parametric study is conducted by varying the operating 

parameters to see the effects on system efficiencies. 

 The overall energy demand is continuously rising and the major part of the energy 

demand is set to be covered by the fossil fuels. The main reasons for the research on the 

other sources are diminishing fossil fuel sources, global warming and CO2 gas emissions. 

Hydrogen is clean energy carrier and can be used as fuel as well unless it is produced 

through the clean method. The thermochemical Cu-Cl cycle is one of the most commonly 

used methods for clean hydrogen production. Produced hydrogen can be used for many 

purposes such as: for electricity production; it can be used in fuel cells; can be used to 

produce heat by combusting it; can also be used in the production of some other fuels like 

ammonia. 
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2.6 Knowledge gaps and future research needs 

Th literature review revealed gaps in past studies regarding waste heat recovery from 

various industrial sources. There is a significant heat recovery potential in numerous 

industrial processes. This thesis will examine the waste heat from various industries to 

operate the thermochemical Cu-Cl cycle for hydrogen production and some other useful 

outputs such as electricity, fresh water and heating. The key focus of this research is on the 

industrial waste heat recovery for the production of defined useful outputs. Waste heat from 

the three prominent industries - steel, cement and glass production - is recovered and 

integrated with the thermochemical Cu-Cl cycle for hydrogen production and some other 

useful outputs as well. 
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Chapter 3: System Description  

 

Three sustainable systems are modeled in this thesis and analyzed energetically and 

exergetically. Hydrogen production by clean method thermochemical Cu-Cl cycle is the 

primary purpose of modeled systems along with additional products like electricity and 

fresh water without impacting the environment, and the source of input for these systems 

is the industrial waste heat from steel, cement and glass industry. Hydrogen is clean energy 

carrier and can be used as fuel as well unless it is produced through the clean method and 

carbon-free hydrogen. This chapter is distributed into three subsections covering each 

system. 

3.1 System 1 - Steel furnace waste heat 

In System 1, the input heat source is the steel industrial waste heat being released from a 

steel heating furnace as flue gas. This system provides the useful outputs like hydrogen, 

electricity and heating. The major focus of the system is on hydrogen production. The flue 

gas is emitted at a high temperature of 790℃ while in the thermochemical Cu-Cl cycle, 

550℃ of temperature is required. Thus, additional heat is utilized to produce electric power 

which is not only required to meet the system requirements, but also to provide an 

additional useful output of electric power. The produced hydrogen proceeds toward the 

multistage hydrogen compression for the purpose of storing hydrogen at high pressure. The 

hydrogen gas is released at 500℃ which is then used to operate a multistage reheat Rankine 

cycle. The heat emitted from the condenser is used for heating purposes. Figure 3.1 presents 

the schematic diagram of system 1 being operated on the exhaust heat from steel heating 

furnace. System 1 has steel industrial waste heat recovery, thermochemical Cu-Cl cycle, 

one single stage and one multistage reheating Rankine cycle. Description of Major steps 

and cycles is given below. 

 Steel heating furnace exhaust gas 

This exhaust gas is used as the input source for system 1. At state 1, this exhaust gas enters 

the heat exchangers and partially transfers its heat to the water in heat exchanger 1. Then 

this exhaust heat in entered in heat exchanger 2 to evaporate the water into steam and to 
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provide the heat to the thermochemical Cu-Cl cycle. This flue gas contains 26.9 MBtu/hr 

(7,877 kW) of available heat with a temperature of around 810 ℃ [24]. This exhaust gas 

is then released to the environment by utilizing is heat, and it provides enough heat to 

operate Cu-Cl cycle for hydrogen production. 

 Steam Rankine cycle 

The exhaust gas ejected from the steel heating furnace is at the temperature around 810 ℃, 

and 550 ℃ is the temperature required for operating Cu-Cl cycle, so the additional heat is 

used to operate a Rankine cycle with this heat. So this heat is transfer to the water coming 

in the stream 41 and after heating up, this water leave as superheating steam towards the 

turbine. 

 Thermochemical Cu-Cl cycle 

The thermochemical Cu-Cl cycle considered in this thesis is a four-step Cu-Cl cycle, and 

the research is being conducted on this cycle at UOIT clean energy research laboratory. 

This Cu-Cl cycle consists of four different steps named as hydrolysis, decomposition 

(Oxygen production) step, electrolysis (Hydrogen production step) and drying. The 

hydrolysis reaction is carried out at 400 ℃ temperature which produces copper oxychloride 

(Cu2OCl2). This copper oxychloride decomposes in cuprous chloride (CuCl) and oxygen 

gas (O2) at 500 ℃ temperature. Then aqueous cuprous chloride (CuCl) and aqueous HCl 

reacts in electrolyzer at 25 ℃ to produce hydrogen gas (H2) and aqueous cupric chloride 

(CuCl2). Hydrogen gas is separated, and aqueous cupric chloride is passed through the 

dryer at 80 ℃ to circulate the solid cupric chloride. 

 Multistage hydrogen compression 

The cuprous chloride reacts with the aqueous HCl in electrolyzer to produce hydrogen gas. 

This hydrogen gas is then proceeding towards the multistage compression system [2]. The 

compression of hydrogen is always required in order to store or use for various purposes. 

Produced hydrogen from Cu-Cl cycle in compressed in three stage compression system 

with the help of three compressors and three intercoolers which helps in storing this 

hydrogen gas at high pressure. 
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 Multistage reheat Rankine cycle 

The copper oxychloride (Cu2OCl2) is decomposed to produce cuprous chloride, and 

hydrogen gas and reaction temperature is about 500 ℃. Produced oxygen gas at a 

temperature of 500 ℃ proceeds towards the multistage Rankine cycle for electricity 

production. This oxygen gas transfers its heat to the water through a heat exchanger which 

circulates in multistage reheat Rankine cycle to produce electricity, and this electricity can 

also be used to operate the compressors. 

 The Aspen Plus model of proposed system 1 is explained according to the Figure 

3.2 and Figure 3.3. Figure 3.2 represents the Aspen Plus model of Rankine cycle, 

thermochemical Cu-Cl cycle, hydrogen compression system and multistage reheat Rankine 

cycle. Waste heat stream S1 from steel heating furnace enters into the heat exchanger 

B1and transfer its heat to the other two streams S3 and S10, stream S10 is being used for 

electricity production in Rankine cycle and in stream S3, water is converted into steam and 

this steam is used in CuCl cycle not only as water but also to supply the heat to hydrolysis 

and decomposition reactors. 

 The flue gas from the blast furnace is linked with the proposed system through a 

heat exchanger. The flue gas is entered into the heat exchanger B1 through the stream S1 

to heat up the water for thermochemical hydrogen production CuCl cycle and Rankine 

cycle. The heat of the flue gas is then transferred to the other streams. The Stream S4 then 

leads towards the thermochemical Cu-Cl cycle, and stream S5 leads towards the Rankine 

cycle turbine. 

 One stream S5 which is being converted into superheated steam by waste heat 

enters into the turbine B2 to produce the electricity. Block B3 is being used as a condenser 

and block B4 is the pump which is used to increase the water pressure which is working 

fluid in Rankine cycle. Stream S4 leaves the heat exchanger at 550 ℃ and splits into two 

streams S6 and S8. The stream S13 enters into the heat exchanger B6 to maintain 550 ℃ 

temperature, and from block B6, it enters into the hydrolysis reactor B8 having the 

temperature of 400 ℃.  



23 

 

 

F
ig

u
re

 3
.1

 S
y
st

em
 1

 s
ch

em
at

ic
 d

ia
g
ra

m
 f

o
r 

h
y
d
ro

g
en

 p
ro

d
u
ct

io
n
 f

ro
m

 t
h
er

m
o
ch

em
ic

al
 C

u
-C

l 
cy

cl
e 

u
ti

li
zi

n
g
 s

te
el

 i
n

d
u

st
ri

al
 w

as
te

 

h
ea

t.
 



24 

 

 One more stream S29 containing CuCl2 enters into the hydrolysis reactor, and this 

reactor produces copper oxychloride and HCl gas. This mixture then enters into the 

separator B9 via stream S15 and this block B9 separates Cu2OCl2 in S16 stream and HCl 

in S17 stream. The copper oxychloride enters into the heat exchanger B10 to maintain the 

temperature of 500 ℃, and then this stream proceeds towards block B11. The second 

stream from splitter enters into the heat exchanger B7 to maintain the temperature of 550 

℃, and then this stream S12 is also entered into the decomposition reactor B11 to provide 

with the required heat. 

 The block B11 decomposes the copper oxychloride into cuprous chloride and 

oxygen gas. The mixture of these to components enters into the separator B12 via stream 

S20 which separates oxygen gas in stream S21 and aqueous cuprous chloride in stream 

S22. The aqueous cuprous chloride then enters the heat exchanger B13 to recover the 

available heat and then enter into the block B14 which is working as an electrolyzer. The 

stream S17 enters into the heat exchanger B15 to recover the additional heat, and this 

stream enters into the electrolysis reactor B14. The electrolysis reaction occurs in reactor 

B14, and it produces aqueous cupric chloride and hydrogen gas. The electrolyzer consumed 

55 kJ of electricity for one mole of hydrogen [90]. The mixture of these two components 

then proceeds towards the separator B16. The block B16 separates the hydrogen gas from 

aqueous cupric chloride through stream S26, and stream S27 contains aqueous cupric 

chloride. This aqueous CuCl2 proceed towards the heat exchanger B17 to maintain the 

temperature. Then this aqueous cupric chloride is transferred to the dryer B18. The dryer 

is used to separate water from cupric chloride and to circulate the cupric chloride to 

continue the cycle. Water is separated through the stream S30, and cupric chloride is 

entered into the hydrolysis reactor via S29 stream. The thermochemical Cu-Cl cycle steps 

are tabulated in Table 3.1. 
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 Hydrogen is then entered into the multistage compression system. The hydrogen 

gas separated through the separator B16 then enters into the first compressor B20. This 

block increases its pressure, and as a result, its temperature is also increased. After that, 

this stream proceeds towards first intercooler B23. This intercooler cools the hydrogen gas 

at the same temperature as compressor input by releasing the heat. This hydrogen gas is 

then introduced to the second compressor B21 via S33 stream, and this compressor 

compresses the hydrogen gas furthermore and then enters into the second intercooler B24 

to reach the same inlet temperature again. Hydrogen gas then proceeds to the third stage of 

the compression system. The third compressor B22 increases its pressure till 750 bar for 

storage, and third intercooler B25 releases its temperature and proceed this gas towards the 

storage tank. The heat recovered from intercoolers B23 B24 and B25 is used to provide the 

additional heat to the dryer B18 and after transferring heat to the dryer, stream comes back 

to the cooling tower. The rigid tank provided the compressed hydrogen with the protection, 

transportation ease and stored which is one of the advantages of compressed hydrogen. 

 

 

Figure 3.3 Aspen Plus model of system 1 multistage reheat Rankine cycle 
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Table 3.1 Reactions of the four-step thermochemical Cu-Cl cycle and operating conditions. 

Step Reactor name Reaction Temperature 

range (℃) 

1 Hydrogen production reactor 2CuCl(aq) + 2HCl(aq) →
H2(g) + 2CuCl2(aq)  

<100 

2 Water separation by drying 

or crystallization 
CuCl2(aq) → CuCl2(s)  <100 

3 Hydrolysis reactor 2CuCl2(s) + H2O(g) →
Cu2OCl2(s) + 2HCl(g)  

400 

4 Oxygen production reactor Cu2OCl2(s) → 0.5 O2(g) +
2CuCl(l)  

500 

 

 The storage tank pressure can be in the range 350-750 bar, depending upon the 

required size of storage tank [91]. Hydrogen can be stored in two ways either by 

compressing or liquefying. The first method is used in this thesis which is compressing 

hydrogen with the help of multistage compression system to reach high pressures for the 

storage of gas cylinders. The compressed hydrogen storage pressure can be in the range 

350-750 bar depending upon the required size of the storage tank which will vary from 

0.043 to 0.025 m3/kg of hydrogen [91]. 

 The Aspen Plus model of multistage Rankine cycle of proposed system 1 is shown 

and explained according to the Figure 3.3. The oxygen gas from decomposition reactor 

moves towards the heat exchanger B26 where heat is transferred from oxygen gas to the 

water circulating in the multistage Rankine cycle, and this heat is used to operate the 

multistage Rankine cycle. One stream S41 leaves the heat exchanger with superheated 

steam and enters into the first turbine B27 where this superheated steam is expanded to 

produce electricity. The outlet stream from the first turbine enters into the heat exchanger 

B26 for reheating and then transferred to the second turbine B28. The stream S43 expands 

in B28 to produce electricity and outlet of this block B28 re-enters the heat exchanger B26 

for reheating purpose. After reheating, this stream then enters to the third turbine B29 

where it expands for the third time to provide with electricity. The outlet of the third turbine 

leads towards the condenser B30 via S46 stream and then it moves towards the pump B31 

in order to increase the fluid pressure. The significant parameters of proposed system 1 are 

tabulated in Table 3.2. 
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Table 3.2 Significant parameters of the integrated system including single stage and multistage 

Rankine cycles, Cu-Cl cycle, and hydrogen compression system. 

Component Parameter Value 

Rankine cycle The temperature of input flue gas stream   810℃ 

  The temperature of stream S4 entering Cu-Cl cycle 550℃ 

 Turbine B2 discharge pressure 0.75 bar 

  Rankine cycle operating pressure 5 MPa 

  Inlet flue gas mass flow rate  9.21 kg/s 

 Cu-Cl cycle Hydrolysis reactor B8 temperature  400℃ 

  Hydrolysis reactor B8 pressure  1 bar 

  Oxygen production reactor B11 temperature   500℃ 

  Oxygen production reactor B11 pressure   1 bar 

  Electrolysis reactor B14 temperature   25℃ 

  Electrolysis reactor B14 pressure  1 bar 

  Electrolysis reactor B14 energy requirement   55.0 kJ/mol H2 

  Dryer B18 operating temperature  80℃ 

  Dryer B18 operating pressure  1 bar 

Multistage 

hydrogen 

compression 

Number of compression stages  3 stages 

  The pressure ratio of the first compressor B20  5 

 The pressure ratio of the second compressor B21 5 

 The pressure ratio of the third compressor B21 30 

  Rankine cycle connected to intercoolers   

 Hydrogen final pressure   750 bar 

 Multistage 

Rankine cycle 

Multistage Rankine cycle operating pressure   150 bar 

 Oxygen gas stream S21 inlet temperature in heat 

exchanger B26 

500℃ 

  The discharge pressure of turbine B27 37.9 bar 

  The discharge pressure of turbine B28 9.26 bar 

  The discharge pressure of turbine B29 0.1 bar 

 

3.2 System 2 - Cement slag waste heat 

In System 2, the input heat source is the waste heat from cement slag from blast furnace as 

exhaust gas and this system provides with the useful outputs like hydrogen, electricity and 

heating. The major focus of this thesis is on hydrogen production. Cement slag has a 

temperature of 1,300℃ but there are some limitations for heat recovery because of the 

solidification temperature of particulates in the gas stream and cement slag requires rapid 
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cooling. The system is developed to produce hydrogen, electricity and heating as major 

outputs. The produced hydrogen proceeds toward multistage hydrogen compression for the 

purpose of storing hydrogen at high pressure. The hydrogen gas is released at 500℃ which 

is then used to operate a multistage reheat Rankine cycle. The heat emitted from the 

condenser is used for the heating purposes. Figure Figure 3.4 presents the schematic 

diagram of system 2 being operated on the waste heat from blast furnace cement slag. 

System 2 has cement slag waste heat recovery, thermochemical Cu-Cl cycle, one single 

stage and one multistage reheating Rankine cycle. Significant steps and cycles of integrated 

system 3 are explained below. 

 Cement slag waste heat 

Cement slag waste heat is used as the input source for system 2. Cement slag exits at 1500 

℃ temperature from the blast furnace and many studies have conducted on recovering this 

waste heat [30]. The whole amount of heat cannot be recovered from cement slag because 

of the solidification of slag. If heat is recovered before reacting the slag solidification 

temperature, then it does not affect the original industrial process because cement industry 

also passes this slag through cooling towers and the solidification temperature of cement 

slag is 650 ℃ [92]. From the annual production of St. Marys Cement plant Canada, the 

total heat available before reaching solidification temperature is calculated as 13516.38 

kW. So the waste heat from cement slag is recovered just to operate Cu-Cl cycle for 

hydrogen production. 

 Cu-Cl cycle 

The thermochemical cycle which is used in this thesis is a four-step Cu-Cl cycle. This 

thermochemical cycle consists of four steps; hydrolysis reaction, decomposition reaction 

(oxygen production), electrolysis reaction (hydrogen production) and drying process. The 

hydrolysis reaction is carried out at 400 ℃ temperature which produces copper 

oxychloride. This copper oxychloride decomposes in cuprous chloride and oxygen gas at 

500 ℃ temperature. Then aqueous cuprous chloride and aqueous HCl reacts in electrolyzer 

at 25 ℃ to produce hydrogen gas and aqueous cupric chloride. Hydrogen gas is separated, 

and aqueous cupric chloride is passed through the dryer at 80 ℃ to circulate the solid cupric 

chloride, and the details are tabulated in Table 3.3. 
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 Multistage reheat Rankine cycle 

The oxygen gas produced from the decomposition of copper oxychloride (Cu2OCl2) is 

usually at around 500 ℃. So instead of releasing this high-temperature gas to the 

atmosphere, the available heat is used to operate multistage Rankine cycle for electricity 

production. This oxygen gas transfers its heat to the water through a heat exchanger which 

circulates in multistage reheat Rankine cycle to produce electricity, and this electricity can 

also be used to operate the compressors. 

 Multistage hydrogen compression system 

Hydrogen can be stored in two ways either by compressing or liquefying. The first method 

is used in this thesis which is compressing hydrogen with the help of multistage 

compression system to reach high pressures for the storage of gas cylinders. The storage 

tank pressure can be in the range 350-750 bar, depending upon the required size of the 

storage tank, so hydrogen produced by electrolysis is passed through multistage hydrogen 

compression system to make it easier to store it through compression method at a high 

pressure of 750 bar [93]. 

 The Aspen Plus model of integrated system 2 is explained according to the Figure 

3.5. Figure 3.5 represents the Aspen Plus model of the thermochemical Cu-Cl cycle for 

hydrogen production, multistage hydrogen compression, and multistage reheat Rankine 

cycle. Waste heat from the blast furnace of cement slag is used to convert water into steam, 

and this steam is used in CuCl cycle not only as water but also to supply the heat to 

hydrolysis and decomposition reactors. Water is converted into steam and enter in Cu-Cl 

cycle at 550 ℃ to utilize as water and to overcome the heat requirement as well. 

 The main parameters of system 2 are described in table 3.4. The stream S1 enters 

into the heat exchanger B1 to maintain 550 ℃ temperature, and from block B1, it enters 

into the hydrolysis reactor B2 having the temperature of 400 ℃. One more stream S26 

containing CuCl2 enters into the hydrolysis reactor, and this reactor produces copper 

oxychloride and HCl gas. This mixture then enters into the separator B3 via stream S3 and 

this block B3 separates Cu2OCl2 in S5 stream and HCl in S6 stream. The copper 

oxychloride enters into the heat exchanger B4 to maintain the temperature of 550 ℃, and 
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then this stream proceeds towards block B5 which is decomposition reactor. The second 

water stream S8 converted into steam through waste heat enters into the heat exchanger B6 

to maintain the temperature of 550 ℃, and then this stream S9 is also entered into the 

decomposition reactor B5 to provide with the required heat. The block B5 decomposes the 

copper oxychloride into cuprous chloride and oxygen gas. The mixture of these to 

components enters into the separator B7 via stream S10 which separates oxygen gas in 

stream S11 and aqueous cuprous chloride in stream S12. The aqueous cuprous chloride 

then enters the heat exchanger B8 to recover the available heat and then enter into the block 

B9 which is electrolysis reactor. The stream S6 enters into the heat exchanger B10 to 

recover the additional heat and this stream also enters into the electrolysis reactor B9. The 

electrolysis reaction occurs in reactor B9, and it produces aqueous cupric chloride and 

hydrogen gas. The electrolyzer consumes 55 kJ of electricity for one mole of hydrogen 

[90]. The mixture of these two components then proceeds towards the separator B11. The 

block B11 separates the hydrogen gas from aqueous cupric chloride through stream S19, 

and stream S20 contains aqueous cupric chloride. This aqueous CuCl2 proceed towards the 

heat exchanger B12 to maintain the temperature. 

Table 3.3 The reactions of the four-step Cu-Cl cycle. 

Step Chemical reaction Temperature range (℃) 

1 2CuCl(aq) + 2HCl(aq) → H2(g) + 2CuCl2(aq) <100 

2 CuCl2(aq) → CuCl2(s) <100 

3 2CuCl2(s) + H2O(g) → Cu2OCl2(s) + 2HCl(g) 400 

4 Cu2OCl2(s) → 0.5 O2(g) + 2CuCl(l) 500 

 

 Then this aqueous cupric chloride is transferred to the dryer B15. The dryer is used 

to separate water from cupric chloride and to circulate the cupric chloride to continue the 

cycle. Water is separated through the stream S27, and cupric chloride is entered into the 

hydrolysis reactor via S26 stream. Hydrogen is then moved towards the multistage 

compression system. The hydrogen gas separated through the separator B11 then enters 

into the first compressor B20. This compressor increases its pressure, and as a result, its 

temperature is also increased. After that, this stream proceeds towards first intercooler B23. 

This intercooler cools the hydrogen gas at the same temperature as compressor input by 
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releasing the heat. This hydrogen gas is then introduced to the second compressor B21 via 

S35 stream, and this compressor compresses the hydrogen gas furthermore and then enters 

into the second intercooler B24 to reach the same inlet temperature again. Hydrogen gas 

then proceeds to the third stage of the compression system. The third compressor B22 

increases its pressure till 750 bar for storage, and third intercooler B25 releases its 

temperature and proceed this gas towards the storage tank. The heat obtained from 

intercoolers is used to supply the heat to the dryer B15 instead of providing it with some 

external heat, and after transferring heat to the dryer, the stream comes back to the cooling 

tower. The rigidity of tank provided the compressed hydrogen with the protection, 

transportation ease and stored which is one of the advantages of compressed hydrogen. 

Hydrogen can be stored in two ways either by compressing or liquefying. The first method 

is used in this thesis which is compressing hydrogen with the help of multistage 

compression system to reach high pressures for the storage of gas cylinders. The 

compressed hydrogen storage pressure can be in the range 350-750 bar depending upon the 

required size of the storage tank which will vary from 0.043 to 0.025 m3/kg of hydrogen 

[91]. 

 The oxygen gas from decomposition reactor enters into the heat exchanger B13 

where heat is transferred from oxygen gas to the water circulating in the multistage Rankine 

cycle, and this heat is used to operate the multistage Rankine cycle. One stream S15 leaves 

the heat exchanger with superheated steam and enters into the first turbine B14 where this 

superheated steam is expanded to produce electricity. 

The outlet stream from the first turbine enters into the heat exchanger B13 for 

reheating and then enters to the second turbine B16. The stream S23 expands in B16 to 

produce electricity and outlet of this block B16 re-enters the heat exchanger B13 for 

reheating purpose. After reheating, this stream then enters to the third turbine B17 where 

it expands for the third time to provide with electricity. 

The outlet of the third turbine leads towards the condenser B19 via S28 stream and 

then it moves towards the pump B18 in order to increase the fluid pressure. The multistage 

reheat Rankine cycle is operated at 150 bar pressure. 
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Table 3.4 Main parameters of the second integrated system. 

Component Parameter Value 

 Inlet flue gas mass flow rate  31.71 kg/s 

 Cu-Cl cycle Hydrolysis reactor B2 operating temperature  400℃ 

  Hydrolysis reactor B2 operating pressure  1 bar 

  Oxygen production reactor B5 temperature   500℃ 

  Oxygen production reactor B5 pressure   1 bar 

  Electrolysis reactor B9 operating temperature   25℃ 

  Electrolysis reactor B9 operating pressure  1 bar 

  Electrolysis reactor B9 electrical energy requirement   55.0 kJ/mol H2 

  Dryer B15 operating temperature  80℃ 

  Dryer B15 operating pressure  1 bar 

 Multistage 

compression 

Number of compression stages  3 stages 

  The pressure ratio of the first compressor B20  5 

 The pressure ratio of second compressor B21 5 

 The pressure ratio of the third compressor B21 30 

  Rankine cycle connected to intercoolers   

 Hydrogen final pressure   750 bar 

 Multistage 

Rankine cycle 

Multistage Rankine cycle operating pressure   150 bar 

 Oxygen gas inlet temperature in heat exchanger B13 500℃ 

  The discharge pressure of turbine B14 37.9 bar 

  The discharge pressure of turbine B16 9.26 bar 

  The discharge pressure of turbine B17 0.1 bar 

 

3.3 System 3 - Glass melting furnace waste heat 

In System 3, the glass industrial waste heat is used as the input heat source which is being 

released from glass melting furnace as exhaust gas and this system provides with the useful 

outputs like hydrogen, electricity and fresh water. The major focus of the system was on 

hydrogen production. The flue gas is emitted at a high temperature of 1127℃ while in the 

thermochemical Cu-Cl cycle, a 550℃ temperature is required. Thus, the additional heat is 

utilized to produce electric power which is not only enough to overcome the system 

requirements, but also it provides an additional useful output of electric power. The 

additional low temperature heat available through the condenser is used to produce fresh 

water through a Reverse Osmosis (RO) desalination unit for a community of 1,500 houses. 
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The produced hydrogen proceeds toward multistage hydrogen compression for the 

purpose of storing hydrogen at a high pressure and the hydrogen chloride gas is released at 

400℃ which is then used to operate a multistage reheat Rankine cycle. The heat emitted 

from the condenser is used for heating purposes. Figure 3.6 presents the schematic diagram 

of system 3 being operated on the exhaust heat from glass melting furnace. System 2 has 

glass industrial waste heat recovery, hydrogen production Cu-Cl cycle, one single stage 

and one multistage reheating Rankine cycle and Reverse osmosis unit. Description of 

Major steps and cycles is provided below. 

 Glass melting furnace exhaust gas 

Many case studies are presented on the waste heat recovery from glass sector. One case 

study showed that glass industry is one of the largest commercial energy consumers and 

the primary source of this energy is coal-based. More then 75% of the total energy is used 

in glass melting furnace and plenty of heating is being wasted in the form of flue gas with 

very high temperature of 1500-1800 K and exhaust gas temperature is about 1500 K so 

preheating the combustion air was one of the solutions suggested for reducing energy 

consumption, and the amount of heat available for recovery is 7,857 kW [16, 58]. This 

exhaust gas temperature is about 1127℃, and this waste heat is used to operate Rankine 

cycle initially because 1127℃ temperature is very high and 550 ℃ temperature is required 

in Cu-Cl cycle. So additional heat is utilized to operate Rankine cycle. 

 Steam Rankine cycle 

The exhaust gas ejected from the glass melting furnace is at temperature 1400 K (1127 ℃) 

while the temperature required to operate Cu-Cl cycle is 550 ℃. So the additional heat 

available in the exhaust heat from glass industry is used to operate the Rankine cycle. The 

electricity produced from the Rankine cycle can quickly overcome the electricity required 

by the integrated system. 

 Thermochemical Cu-Cl cycle 

This Cu-Cl cycle used in this thesis consists of four different steps named as hydrolysis, 

decomposition, electrolysis, and drying and there four reactions and some of their operating 

conditions are described below. 
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Step 1: Hydrolysis reactor, the principal requirement of hydrolysis reactor is to maintain 

the temperature of around 400 ℃ [62]. 

2CuCl2(s) + H2O(g) → Cu2OCl2(s) + 2HCl(g)     (3.1) 

Step 2: The decomposition of copper oxychloride takes place in this reaction to produce 

cuprous chloride and oxygen gas. The principal requirement of this reaction is to maintain 

decomposition reactor at around 500 ℃. 

Cu2OCl2(s) → 0.5 O2(g) + 2CuCl(l)       (3.2) 

Step 3: In this step, aqueous CuCl2 is dried at the temperature of about 80 ℃ to separate 

the aqueous cupric chloride from water.  

CuCl2(aq) → CuCl2(s)        (3.3) 

Step 4: The cuprous chloride reacts with HCl in electrolyzer to produce hydrogen gas in 

this step, and this step is carried out at the temperature between 25 ℃ and 35 ℃. 

2CuCl(aq) + 2HCl(aq) → H2(g) + 2CuCl2(aq)     (3.4) 

 Multistage reheat Rankine cycle 

The hydrogen chloride (HCl) gas rejected from hydrolysis reactor offer much heat to 

recover because this stream is at 400 ℃ and this stream is required to enter into the 

electrolysis reactor where electrolysis is taking place at average ambient temperature 25 

℃. So this additional heat is recovered by passing it through a heat exchanger where this 

HCl gas transfers its temperature to the water stream which is used as a working fluid in 

multistage reheat Rankine cycle. 

 Hydrogen compression system 

The hydrogen gas produced in electrolyzer is separated with the help of a separator, and 

then this is entered into the hydrogen compression system [91]. Because hydrogen can be 

stored either in liquefied form or in compressed form and compression technique is being 

used in this thesis. By passing through multistage compression, the pressure of the 

hydrogen gas increased from 1 bar to 750 bar, and this temperature limit depends upon the 

storage tank size specification [94]. 
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 Reverse osmosis unit 

The reverse osmosis unit integrated with the proposed system 3 is designed to produce 17.4 

kg/s of fresh water having the salinity of 450 PPM. The 29 kg/s of sea water is supplied to 

achieve the 17.4 kg/s of fresh water, through the condenser. The low-pressure pump pumps 

thee sea water from ambient pressure to 650 kPa. Then this saline water is proceeding 

towards the filter which removes suspended particles. Then good quality water containing 

small quantity is split by three- way valve and the significant and remaining quantity of 

water is proceed to the chemical chamber for chemical treatment. Based on osmotic 

pressure design, the pressure of this water is enhanced till 6000 kPa through high pressure 

pump. Some of the design parameters are tabulated in Table 3.5. 

The simulation model of the third integrated system in Aspen Plus is shown in 

Figure 3.7, 3.8 and 3.9. Figure 3.7 is representing the Rankine cycle which is used to utilize 

the additional heat and to supply the power required by the integrated system. Figure 3.8 

represents the Aspen plus simulation model of Cu-Cl cycle, and hydrogen compression 

system and Figure 3.9 explains the multistage reheat Rankine cycle integrated with the 

third system. 

 The exhaust gas from glass melting furnace contains 1127 ℃ of temperature and 

the flow rate of 6.37 kg/s. The temperature required for operating Cu-Cl cycle is 550 ℃. 

So the additional heat is utilized to operate the Rankine cycle, and the electricity produced 

by this Rankine cycle is used to supply the required necessary power to the electrolyzer 

and compressors. The exhaust gas from the blast furnace is linked with the proposed system 

through a heat exchanger B1. The exhaust gas is entered into the heat exchanger through 

the stream S1 to heat up the water for thermochemical hydrogen production CuCl cycle 

and Rankine cycle. The heat of the exhaust gas is then transferred to the other streams. The 

Stream S4 then leads towards the thermochemical Cu-Cl cycle, and stream S5 leads 

towards the Rankine cycle turbine. 

 The Aspen Plus model presented in Figure 3.7 shows that the exhaust gas from 

glass melting furnace enters into the heat exchanger B1 through S1 stream. This heat 

exchanger B1 transfers the exhaust gas heat to the S4 water stream which leaves the heat 

exchanger at 550 ℃ and to the stream S5 by converting the working fluid (water) of 
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Rankine cycle into the superheated state. Exhaust gas leaves the heat exchanger B1 via 

stream S2 containing 90 ℃ temperature. 

 The stream S5 enters into the turbine in superheated state and then expands in the 

turbine to produce electricity. This Rankine cycle is operated at 5 MPa pressure. The 

turbine outlet stream passes through the condenser B3 where the temperature is set up as 

70 ℃. Sea water also passes through this condenser to obtain the temperature of 40 ℃. 

From condenser, stream leads towards the pump B4 via stream S9 which increases its 

pressure and circulates the water again. The stream S4 split into two streams each stream 

containing 550 ℃ temperature. 

Table 3.5 Operating parameters of reverse osmosis unit [89]. 

Parameter Value Unit 

Product water flow rate 17.4 kg/s 

Sea water salinity 35000 PPM 

Product water salinity 450 PPM 

Sea water temperature 25 ℃ 

Efficiency of high and low pressure pump 85%  

Membrane recovery ratio 60%  

 

 Figure 3.8 shows that stream S13 supplies heat to the hydrolysis reactor through 

heat exchanger B6 and stream S11 provides the decomposition reactor with the heat 

required by heat exchanger B7. The steam enters into the hydrolysis reactor B8 via stream 

S15, and one more stream S17 enters into the hydrolysis reactor containing cupric chloride. 

In hydrolysis reactor, CuCl2 reacts with water at 400 ℃ to produce copper oxychloride and 

HCl gas. A mixture of these two components reaches to the separator B9 which separates 

Cu2OCl2 from HCl. The hydrogen chloride gas leaves through stream S17 at 400 ℃, and 

this high temperature heat is utilized to operate multistage reheat Rankine cycle (Figure 

3.9) and again enters into the electrolyzer at 25 ℃ temperature. 

 The copper oxychloride leaves through the stream S16 and enters into the heat 

exchanger B10 where the temperature is maintained at 550 ℃. Copper oxychloride then 

enters into the decomposition reactor B11 where it is decomposed at 500 ℃ in cuprous 

chloride (CuCl) and oxygen gas (O2). This mixture leads towards the separator B12 via 

stream S20 which separates oxygen gas containing 500 ℃ in S21 stream and cuprous 

chloride via S22 stream. Some heat is recovered from the cuprous chloride through heat 
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exchanger B13 and then entered into the electrolyzer via stream S24. Heat available in 

oxygen gas stream is recovered and used in Cu-Cl cycle again. In electrolysis reactor, CuCl 

reacts with HCl to produce aqueous cupric chloride (CuCl2), and hydrogen gas and 

electrolyzer requires 55 kW of power for 1 mole of hydrogen production. 

 The mixture of cupric chloride and hydrogen gas is transferred to the separator B16 

which separates the hydrogen gas in S26 stream and aqueous cupric chloride in the S27 

stream. Aqueous cupric chloride then leads towards the heat exchanger B17 to maintain 

the temperature. By passing through the heat exchanger, aqueous cupric chloride enters 

into the dryer B18 which requires 80 ℃ of temperature and this heat is provided by the 

heat recovered from the multistage intercoolers. Dryer B18 separates hydrogen gas in 

stream S30, and solid cupric chloride is circulated in the cycle via stream S29 towards 

hydrolysis reactor. 

 The heat exchanger B26 behaves as a boiler for multistage reheat Rankine cycle, 

and this cycle operates at 150 bar pressure. Heat from HCl is transferred to the water in 

B26 which is converted into superheated steam. This superheated steam enters into the first 

turbine B27 via stream S41 where it expands to generate power. The discharge pressure of 

turbine is set up as 37.9 bar from the literature review, and outlet stream enters into the 

heat exchanger B26 again for reheating purpose. After reheating at the same temperature, 

superheating steam enters into the second turbine B28 where it expands again to produce 

power. The discharge pressure of the second turbine is 9.26 bar [95]. The outlet of the 

second turbine is reheated again in B26 and fed into the third turbine B29. The third turbine 

also expands the superheated stream and outlet moves towards the condenser B30. From 

condenser, water moves towards the pump 31 which increases its pressure and circulates it 

into the cycle. 

 Figure 3.9 represents the multistage reheat Rankine cycle. A stream S17 enters into 

the heat exchanger B26 via stream S17 and leave at the average temperature 25 ℃ which 

is shown in Figure 3.8 entering in the electrolyzer to utilize the temperature of HCl gas. 

Figure 3.6 represents the schematic diagram of reverse osmosis unit and the analysis for 

reverse osmosis unit is conducted in Engineering Equation solver. 

 



41 

 

 F
ig

u
re

 3
.6

 S
y
st

em
 3

 s
ch

em
at

ic
 d

ia
g
ra

m
 f

o
r 

h
y
d

ro
g
en

 p
ro

d
u
ct

io
n

 f
ro

m
 t

h
er

m
o

ch
em

ic
al

 C
u

-C
l 

cy
cl

e 
u
ti

li
zi

n
g
 g

la
ss

 i
n
d
u
st

ri
al

 w
as

te
 h

ea
t.

 



42 

 

 

Figure 3.7 Aspen Plus model of the Rankine cycle integrated into system 3. 

 The reverse osmosis unit integrated with the proposed system 3 is designed to 

produce 17.4 kg/s of fresh water having the salinity of 450 PPM, and the salinity of sea 

water is 35000 PPM and to achieve 17.4 kg/s of fresh water, 29 kg/s of sea water is supplied 

through the condenser. With this mass flow rate, fresh water can be supplied to a 

community of 1500 houses. The pressure of low pressure pump is set 650 kPa and pressure 

of high pressure pump is given as 6000 kPa. The significant parameters of system three are 

presented in Table 3.6. 

The membrane recovery ratio is taken as 60% and to operate this mass flow rate, 

low pressure turbine consumes 18.42 kW of work, and high pressure turbine absorbs 181 

kW of work. Figure 3.6 is used for the reference of subscripts for reverse osmosis unit. Sea 

water enters into the condenser for heating purpose and then moves towards the pump 2 

which increases its pressure. Then it passes through the filter which removes the suspended 

particles. Then three-way valve separates small amount of good quality water and sends it 

directly to the mixing chamber through the throttle valve 1 while remaining significant part 

moves into the chemical pre-treatment cycle where chemical treatment is conducted. Water 

then leads towards the high pressure pump and then by passing through RO module, leads 

towards the mixing chamber where both water streams mix up, and fresh water is separated 

by the second throttle valve. 
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Table 3.6 Significant parameters of the third integrated system where the subscripts of the 

reverse osmosis unit components and streams are referenced in Figure 3.6. 

Component Parameter Value 

Rankine cycle The temperature of input flue gas stream   1127℃ 

  The temperature of stream S4 entering Cu-Cl 

cycle 

550℃ 

 Turbine B2 discharge pressure 0.1 bar 

  Rankine cycle operating pressure 5 MPa 

  Inlet flue gas mass flow rate  6.37 kg/s 

 Cu-Cl cycle Hydrolysis reactor B8 operating temperature  400℃ 

  Hydrolysis reactor B8 operating pressure  1 bar 

  Oxygen production reactor B11 operating 

temperature   

500℃ 

  Oxygen production reactor B11 operating 

pressure   

1 bar 

  Electrolysis reactor B14 operating temperature   25℃ 

  Electrolysis reactor B14 operating pressure  1 bar 

  Electrolysis reactor B14 electrical energy 

requirements   

55.0 kJ/mol H2 

  Dryer B18 operating temperature  80℃ 

  Dryer B18 operating pressure  1 bar 

Multistage 

compression 

Number of compression stages  3 stages 

  The pressure ratio of the first compressor B20  5 

 The pressure ratio of second compressor B21 5 

 The pressure ratio of the third compressor B21 30 

  Rankine cycle connected to intercoolers   

 Hydrogen final pressure   750 bar 

Multistage 

Rankine cycle 

Multistage Rankine cycle operating pressure   150 bar 

 HCl stream S17 inlet temperature in heat 

exchanger B26 

400℃ 

  The discharge pressure of turbine B27 37.9 bar 

  The discharge pressure of turbine B28 9.26 bar 

  The discharge pressure of turbine B29 0.1 bar 

Reverse 

Osmosis unit 

Fresh water flow rate 17.4 kg/s 

 Operating temperature 45℃ 

 Membrane recovery ratio 60% 

 𝑊̇𝑃𝑢𝑚𝑝 2 18.42 kW 

 𝑊̇𝑃𝑢𝑚𝑝 3 181 kW 

 𝜂𝑝𝑢𝑚𝑝 2 0.85 

 𝜂𝑝𝑢𝑚𝑝 3 0.85 
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 Hydrogen gas enters into the multistage compression system through stream S26 

because compression method is used in this thesis for the storage of hydrogen. Hydrogen 

first enters into the first compressor B20 which has the compression ratio of 5 [94]. The 

separate Aspen Plus model of multistage compression system is shown in Figure 3.10. The 

compressor increases its pressure and temperature as well, and then it moves towards the 

first intercooler B23 which cools the gas at the same temperature as first compressor input 

by releasing heat and transfers it to the second turbine B21. The compression ratio of the 

second turbine is 5, and it increases its pressure to 25 bar and second intercooler B24 cools 

the gas again at same inlet temperature and shifts it towards third compressor B22. The 

compression ratio for the third turbine is 30, and it increases the gas pressure to 750 bar, 

and third intercooler B25 releases high temperature and moves the gas towards storage 

tank. The heat released from the intercoolers is used to provide the heat in the dryer and 

comes back to the intercoolers through the cooling tower. 

 

 

Figure 3.9 Aspen Plus model of the multistage reheat Rankine cycle. 
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Figure 3.10 Aspen Plus model of multistage hydrogen compression system. 
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Chapter 4: Thermodynamic Analysis 

 

In this chapter the comprehensive thermodynamic analysis of the three proposed integrated 

systems and the major assumptions considered during the modeling and simulation of 

systems thermodynamic parameters calculations. 

4.1 Thermodynamic analysis 

The comprehensive thermodynamic energy and exergy analyses are conducted for each 

system individually and its components as well and presented in the upcoming section of 

this chapter. 

4.1.1 Mass balance equation 

The general mass balance equation of conservation of mass for a control volume can be 

written as: 

∑ 𝑚̇𝑖 −𝑖 ∑ 𝑚̇𝑒𝑒 =
𝑑𝑚𝐶𝑉

𝑑𝑡
        (4.1) 

In this equation, m represents mass, 𝑚̇ represents mass flow rate, subscripts i denotes to 

the inlet while subscripts e denotes to the exit and CV is representing control volume on 

which balance is being applied. 

4.1.2 Energy balance equation 

According to the first law of thermodynamics one can write comprehensive and general 

energy balance equation for control volume as: 

𝑄̇ − 𝑊̇ +  ∑ 𝑚𝑖̇𝑖 (ℎ𝑖 +
𝑉𝑖

2

2
+ 𝑔𝑍𝑖) −  ∑ 𝑚̇𝑒𝑒 (ℎ𝑒 +

𝑉𝑒
2

2
+ 𝑔𝑍𝑒) =

𝑑𝐸𝐶𝑉

𝑑𝑡
  (4.2) 

In the described energy equation, 𝑄̇ represents heat transfer rate, 𝑊̇ represents work rate, 

E represent energy and t represents time while other symbols h represent specific 

enthalpy, v represents velocity, g represents gravitational acceleration and Z represents 

the elevation. 

4.1.3 Entropy balance equation 

The general entropy balance equation for a control volume can be described as follows:   
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𝑆̇𝑔𝑒𝑛 =
𝑑𝑆𝐶𝑉

𝑑𝑡
= ∑ 𝑚̇𝑒𝑠𝑒𝑒 − ∑ 𝑚̇𝑖𝑠𝑖𝑖 −  ∑ (

𝑄̇𝑘

𝑇𝑘
)𝑘       (4.3) 

Sgen is representing the entropy generated during the process, 𝑚̇ represents mass flow 

rate, 𝑄̇ represents the heat transfer rate and T represents the temperature. 

4.1.4 Exergy balance equation 

Both first and second laws of thermodynamics are included in exergy analysis. The detailed 

exergy analysis is valuable for providing more effective and efficient approach for the 

utilization of energy for different thermodynamic processes. Basically the physical and 

chemical exergy are most widely used forms of exergy. The physical exergy can be defined 

as work potential obtained when system connects with the environment while chemical 

exergy is taken into consideration when chemical change occurs. One can write the general 

exergy balance for control volume according to second law of thermodynamics as: 

𝐸̇𝑥𝑄 +  ∑ 𝑚̇𝑖𝑒𝑥𝑖𝑖 = ∑ 𝑚̇𝑒𝑒𝑥𝑒𝑒 + 𝐸̇𝑥𝑤 + 𝐸̇𝑥𝑑     (4.4) 

In the described equation, subscripts i denotes the inlet while subscripts e denotes the exit 

and 𝐸̇𝑥𝑑 represents the exergy destruction. Some other terms are described below: 

𝐸𝑥̇𝑄 = 𝑄̇𝑖 (1 −
𝑇0

𝑇𝑠
)         (4.5) 

Factor 𝐸𝑥̇𝑄 denotes the exergy rate because of heat transfer, T0 represents the ambient 

temperature and Ts denotes the boundary temperature. 

𝐸𝑥̇𝑊 = 𝑊          (4.6) 

In the above equation, 𝐸𝑥̇𝑊 represents the exergy rate due to mechanical or electrical 

work which is equal to work rate. 

𝑒𝑥 = 𝑒𝑥𝑝ℎ + 𝑒𝑥𝑐ℎ         (4.7) 

The factor exph represents the physical energy and exch represents the chemical exergy. 

𝑒𝑥𝑝ℎ = ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0)        (4.8) 
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In the above equation 4.8, h and s represents the specific enthalpy and entropy of flow 

and h0 and s0 denotes the specific enthalpy and entropy of reference state. The chemical 

exergy can be described as: 

𝑒𝑥𝑐ℎ = ∑ 𝑥𝑗 𝑒𝑥𝑐ℎ
0 + 𝑅𝑇0 ∑ 𝑥𝑗 ln (𝑥𝑗)       (4.9) 

In above described equation, xj represents the mole fraction of component j, 𝑒𝑥𝑐𝑔
0  denotes 

standard specific chemical exergy, R is universal gas constant and T0 represents the 

reference temperature. 

4.2 Assumptions 

The major assumptions considered while doing analysis and development of the proposed 

system for hydrogen and power production and the property methods used during the 

analysis are described below for each system individually. 

The assumptions made for system 1 are listed as follows: 

 The system operates under steady-state conditions [90]. 

 No starting up periods is considered for hydrogen production cycle [94]. 

 All gases in the chemical exergy equations are considered as real gases. 

 The changes in kinetic and potential energies are neglected [96]. 

 STEAMNBS is the property method used for Aspen Plus modeling of water (H2O) 

which ranges from 0 to 1700 ℃ and maximum allowable pressure is 1000 MPa 

[94]. 

 The Aspen Plus property method used for the analysis to deal with real components 

is SOLID and RK-SOAVE property method is selected as second choice [97]. 

 No heat losses and pressure drops take place in heat exchangers of hydrogen 

production Cu-Cl cycle [98]. 

 For all the turbines, the isentropic efficiency of 72% is considered [99]. 

 The efficiency of electrical generator is considered as 95% [94]. 

 No heat losses occurs in the steam turbines. 

 No heat losses occurs in hydrogen compressors because of the adiabatic 

consideration. 
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 For all the compressors, the isentropic efficiency of 72% is considered [99]. 

 The simulation is conducted considering the steady state operating conditions 

because starting and shut down of the power plants is negligible as compared to their life. 

Gases included in chemical exergy equation are ideal gases whereas all other gases are 

considered as real gases because real gases provide more accurate results then the ideal 

gases. The kinetic and gravitational energies are neglected because they are negligible as 

compared to the enthalpy values. SOLID property method is used for Aspen Plus modeling 

because this property method deals with the chemical reactions as well. Aspen Plus takes 

the isentropic efficiency of turbines and compressors as 72%. The heat losses in heat 

exchangers and compressors are negligible as compared to the amount of heat and work 

thus no heat losses are considered. 

The assumptions made for system 2 are listed as follows: 

 The system operates under steady-state conditions [90]. 

 No starting up period considered. 

 All gases in the chemical exergy equations are considered as real gases. 

 The changes in kinetic and potential energies are neglected [96]. 

 The Aspen Plus property method used for the analysis to deal with real components 

is SOLID and RK-SOAVE property method is selected as second choice. 

 No heat losses and pressure drops take place in heat exchangers of integrated 

system [94]. 

 The reference conditions are taken as 25 ℃ temperature and 1 atm pressure.  

 The adiabatic conditions are considered for compressors and turbines. 

 For all the turbines and compressors, the isentropic efficiency of 72% is considered 

[99]. 

 The steady state operation is considered because the start up and shut down period 

of plants is negligible as compared to the life of plant. All the gases are considered as real 

gases except those which are included in chemical exergy equation. The kinetic and 

gravitational energies are neglected because they as very small as compared to the enthalpy 
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properties. SOLID property method is used for Aspen Plus because it deals with the 

chemical reactions as well. 

The assumptions made for system 3 are listed as follows: 

 The system operates under steady-state conditions [90]. 

 All gases in the chemical exergy equations are considered as real gases. 

 The changes in kinetic and potential energies are neglected [96]. 

 The Aspen Plus property method used for the analysis to deal with real components 

is SOLID and RK-SOAVE property method is selected as second choice [94]. 

 The reference conditions are taken as 25 ℃ temperature and 1 atm pressure.  

 The mechanical efficiency of compressor is considered as 95% [100]. 

 The adiabatic conditions are considered for compressors and turbines. 

 No heat losses and pressure drops take place in heat exchangers of integrated 

system.  

 Salinity of sea water for reverse osmosis unit is considered as 35000 PPM [89]. 

 The isentropic efficiency of pumps included in desalination is considered as 85% 

[88]. 

 Recovery ratio for desalination is considered as 60 % [87]. 

 The steady state operating condition are considered and all the gases are treated as 

real gases instead of the gases included in chemical exergy equation. The kinetic and 

gravitational energies are neglected because they are negligible as compared to the 

enthalpy values. The heat losses in heat exchangers and compressors are negligible as 

compared to the amount of heat and work thus no heat losses are considered. The salinity 

of the salt water is close to 35000 PPM and recovery ratio is considered as 60% from the 

previous study. 

4.3 Thermodynamic analysis of system 1  

The thermodynamic analysis is conducted on the system and the energy, entropy and 

exergy balance equations of all components of the integrated system 1 are described in 

Tables 4.1 for the components depicted in Figure 3.2 and 3.3. Stoichiometric reactor 
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operates on the provided conversion percentage of reactants including mass and energy 

balance [95]. 

The exergy destruction and exergy efficiency of each component [101] are obtained 

through exergy analysis of integrated system 1 including the Rankine cycle, hydrogen 

production Cu-Cl cycle, hydrogen compression cycle and multistage Rankine cycle. These 

are calculated and equations are tabulated in Table 4.2  

 For the first integrated system producing hydrogen from steel industrial waste heat. 

The energy and exergy efficiencies of subsystems and for the overall system are described 

in the coming section. The energy efficiency of the subsystem Rankine cycle (RC) can be 

described as: 

𝜂𝑅𝐶 =
𝑊𝑇𝑢𝑟𝑏(𝐵2)

𝑚̇𝑆5(ℎ𝑆5−ℎ𝑆10)
         (4.10) 

In the equation described above, WTurb is the power produced by the turbine B2. The 

subscripts for the components and streams refers to the Figure 3.2. The energy efficiency 

of the thermochemical Cu-Cl cycle is as follows: 

𝜂𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2

𝑄̇𝑖𝑛+𝑊̇𝑒
         (4.11) 

𝑄̇𝑖𝑛 = 𝑄̇𝐵6 + 𝑄̇𝐵7 + 𝑄̇𝐵10 + 𝑄̇𝐵11 + 𝑄̇𝐵17 + 𝑄̇𝐵8 + 𝑄̇𝐵23 + 𝑄̇𝐵24 + 𝑄̇𝐵25  (4.12) 

In the efficiency equation of Cu-Cl cycle, LHV is the lower heating value of hydrogen gas, 

Qin is the heat total heat input and We is the electric power supplied to the electrolyzer. The 

energy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜂𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(27)+𝑊̇𝑇𝑢𝑟𝑏(28)+𝑊̇𝑇𝑢𝑟𝑏(29)

𝑚̇𝑆21(ℎ𝑆40−ℎ𝑆21)
      (4.13) 

The subscripts of the components and streams refers to the Figure 3.3. The factor WTurb is 

the power produced by the three turbines. 

The heat released from the condenser can be formulated as: 

𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇40(ℎ46 − ℎ45) + 𝑚̇22(ℎ44 − ℎ43)     (4.14) 
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Table 4.1 The energy, entropy and exergy balance equations on all components of integrated 

system 1 demonstrated in Figures 3.2 and 3.3 and the subscripts of component and stream names 

also refers to Figures 3.2 and 3.3. 

Component Energy balance 

equation 

Entropy balance 

equation 

Exergy balance 

equation 

B1 (heat 

exchanger) 
𝑚̇𝑠1ℎ𝑠1 +
𝑚̇𝑠3ℎ𝑠3 +
𝑚̇𝑠10ℎ𝑠10 =
𝑚̇𝑠2ℎ𝑠2 +
𝑚̇𝑠4ℎ𝑠4 + 𝑚̇𝑠5ℎ𝑠5  

𝑚̇𝑠1𝑠𝑠1 + 𝑚̇𝑠3𝑠𝑠3

+ 𝑚̇𝑠10𝑠𝑠10 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠2𝑠𝑠2

+ 𝑚̇𝑠4𝑠𝑠4

+ 𝑚̇𝑠5𝑠𝑠5 

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝑚̇𝑠3𝑒𝑥𝑠3 +
𝑚̇𝑠10𝑒𝑥𝑠10 =
𝑚̇𝑠2𝑒𝑥𝑠2 + 𝑚̇𝑠4𝑒𝑥𝑠4 +
𝑚̇𝑠5𝑒𝑥𝑠5 + 𝐸̇𝑥𝑑  

B2 (turbine) 𝑚̇𝑠5ℎ𝑠5 =
𝑚̇𝑠7ℎ𝑠7 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠5𝑠𝑠5 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠7𝑠𝑠7 

𝑚̇𝑠5𝑒𝑥𝑠5 = 𝑚̇𝑠7𝑒𝑥𝑠7 +
𝑊̇𝑜𝑢𝑡 + 𝐸̇𝑥𝑑  

B3 (heat 

exchanger) 
𝑚̇𝑠7ℎ𝑠7 =
𝑚̇𝑠9ℎ𝑠9 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠7𝑠𝑠7 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠9𝑠𝑠9 +
𝑄̇𝑜𝑢𝑡

𝑇0
 

𝑚̇𝑠7𝑒𝑥𝑠7 = 𝑚̇𝑠9𝑒𝑥𝑠9 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B4 (pump 1) 𝑚̇𝑠9ℎ𝑠9 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠10ℎ𝑠10  

𝑚̇𝑠9𝑠𝑠9 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠10𝑠𝑠10 

𝑚̇𝑠9𝑒𝑥𝑠9 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠10𝑒𝑥𝑠10 + 𝐸̇𝑥𝑑  

B6 (heat 

exchanger) 
𝑚̇𝑠13ℎ𝑠13 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠14ℎ𝑠14  

𝑚̇𝑠13𝑠𝑠13 + 𝑆̇𝑔𝑒𝑛

+
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠14𝑠𝑠14 

𝑚̇𝑠13𝑒𝑥𝑠13 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠14𝑒𝑥𝑠14 + 𝐸̇𝑥𝑑  

B7 (heat 

exchanger) 
𝑚̇𝑠11ℎ𝑠11 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠12ℎ𝑠12   

𝑚̇𝑠11𝑠𝑠11 + 𝑆̇𝑔𝑒𝑛

+
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠12𝑠𝑠12 

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠12𝑒𝑥𝑠12 + 𝐸̇𝑥𝑑  

B8 

(stoichiometric 

reactor) 

𝑚̇𝑠14ℎ𝑠14 +
𝑚̇𝑠29ℎ𝑠29 =
𝑚̇𝑠15ℎ𝑠15  

𝑚̇𝑠14𝑠𝑠14

+ 𝑚̇𝑠29𝑠𝑠29 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠15𝑠𝑠15 

𝑚̇𝑠14𝑒𝑥14 +
𝑚̇𝑠29𝑒𝑥29 =
𝑚̇𝑠15𝑒𝑥𝑠15 + 𝐸̇𝑥𝑑  

B9 (separator) 𝑚̇𝑠15ℎ𝑠15 =
𝑚̇𝑠16ℎ𝑠16 +
𝑚̇𝑠17ℎ𝑠17  

𝑚̇𝑠15𝑠𝑠15 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠16𝑠𝑠16

+ 𝑚̇𝑠17𝑠𝑠17 

𝑚̇𝑠15𝑒𝑥𝑠15 =
𝑚̇𝑠16𝑒𝑥𝑠16 +
𝑚̇𝑠17𝑒𝑥𝑠17 + 𝐸̇𝑥𝑑  

B11 

(stoichiometric 

reactor) 

𝑚̇𝑠12ℎ𝑠12

+ 𝑚̇𝑠19ℎ𝑠19 + 𝑄̇𝑖𝑛

= 𝑚̇𝑠20ℎ𝑠20 

𝑚̇𝑠12𝑠𝑠12

+ 𝑚̇𝑠19𝑠𝑠19 + 𝑆̇𝑔𝑒𝑛

+
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠20𝑠𝑠20 

𝑚̇𝑠12𝑒𝑥𝑠12 +
𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

=

𝑚̇𝑠20𝑒𝑥𝑠20 + 𝐸̇𝑥𝑑  

B12 

(separator) 
𝑚̇𝑠20ℎ𝑠20 =
𝑚̇𝑠21ℎ𝑠21 +
𝑚̇𝑠22ℎ𝑠22  

𝑚̇𝑠20𝑠𝑠20 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠21𝑠𝑠21 +
𝑚̇𝑠22𝑠𝑠22  

𝑚̇𝑠20𝑒𝑥𝑠20 =
𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠22𝑒𝑥𝑠22 + 𝐸̇𝑥𝑑  

B13 (heat 

exchanger) 
𝑚̇𝑠22ℎ𝑠22 =
𝑚̇𝑠24ℎ𝑠24 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠22𝑠𝑠22 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠24𝑠𝑠24 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠22𝑒𝑥𝑠22 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B14 

(stoichiometric 

reactor) 

𝑚̇𝑠18ℎ𝑠18 +
𝑚̇𝑠24ℎ𝑠24 + 𝑊̇𝑒 =
𝑚̇𝑠25ℎ𝑠25  

𝑚̇𝑠18𝑠𝑠18

+ 𝑚̇𝑠24𝑠𝑠24 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠25𝑠𝑠25 

𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒 =
𝑚̇𝑠25𝑒𝑥𝑠25 + 𝐸̇𝑥𝑑  
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B15 (heat 

exchanger) 
𝑚̇𝑠17ℎ𝑠17 =
𝑚̇𝑠18ℎ𝑠18 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠17𝑠𝑠17 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠18𝑠𝑠18 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠17𝑒𝑥𝑠17 =
𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B16 

(separator) 
𝑚̇𝑠25ℎ𝑠25 =
𝑚̇𝑠26ℎ𝑠26 +
𝑚̇𝑠27ℎ𝑠27  

𝑚̇𝑠25𝑠𝑠25 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠26𝑠𝑠26 +
𝑚̇𝑠27𝑠𝑠27  

𝑚̇𝑠25𝑒𝑥𝑠25 =
𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑑  

B17 (heat 

exchanger) 
𝑚̇𝑠27ℎ𝑠27 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠28ℎ𝑠28  

𝑚̇𝑠27𝑠𝑠27 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠28𝑠𝑠28  

𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠28𝑒𝑥𝑠28 + 𝐸̇𝑥𝑑   

B18 (Dryer) 𝑚̇𝑠28ℎ𝑠28 =
𝑚̇𝑠29ℎ𝑠29 +
𝑚̇𝑠30ℎ𝑠30  

𝑚̇𝑠28𝑠𝑠28 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠29𝑠𝑠29 +
𝑚̇𝑠30𝑠𝑠30  

𝑚̇𝑠28𝑒𝑥𝑠28 =
𝑚̇𝑠29𝑒𝑥𝑠29 +
𝑚̇𝑠30𝑒𝑥𝑠30 + 𝐸̇𝑥𝑑  

B20 

(compressor 1) 
𝑚̇𝑠26ℎ𝑠26 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠31ℎ𝑠31  

𝑚̇𝑠26𝑠𝑠26 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠31𝑠𝑠31  

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠31𝑒𝑥𝑠31 + 𝐸̇𝑥𝑑  

B21 

(compressor 1) 
𝑚̇𝑠33ℎ𝑠33 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34ℎ𝑠34  

𝑚̇𝑠33𝑠𝑠33 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠34𝑠𝑠34  

𝑚̇𝑠33𝑒𝑥𝑠33 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34𝑒𝑥𝑠34 + 𝐸̇𝑥𝑑  

B22 

(compressor 1) 
𝑚̇𝑠36ℎ𝑠36 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠37ℎ𝑠37  

𝑚̇𝑠36𝑠𝑠36 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠37𝑠𝑠37  

𝑚̇𝑠36𝑒𝑥𝑠36 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠37𝑒𝑥𝑠37 + 𝐸̇𝑥𝑑  

B23 (heat 

exchanger) 
𝑚̇𝑠31ℎ𝑠31 =
𝑚̇𝑠33ℎ𝑠33 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠31𝑠𝑠31 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠33𝑠𝑠33 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠31𝑒𝑥𝑠31 =
𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B24 (heat 

exchanger) 
𝑚̇𝑠34ℎ𝑠34 =

𝑚̇𝑠36ℎ𝑠36 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠34𝑠𝑠34 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠36𝑠𝑠36 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠34𝑒𝑥𝑠34 =
𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B25 (heat 

exchanger) 
𝑚̇𝑠37ℎ𝑠37 =
𝑚̇𝑠39ℎ𝑠39 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠37𝑠𝑠37 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠39𝑠𝑠39 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠37𝑒𝑥𝑠37 =
𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B26 (heat 

exchanger) 
𝑚̇𝑠21ℎ𝑠21 +
𝑚̇𝑠42ℎ𝑠42 +
𝑚̇𝑠44ℎ𝑠44 +
𝑚̇𝑠48ℎ𝑠48 =
𝑚̇𝑠40ℎ𝑠40 +
𝑚̇𝑠41ℎ𝑠41 +
𝑚̇𝑠43ℎ𝑠43 +
𝑚̇𝑠45ℎ𝑠45  

𝑚̇𝑠21𝑠𝑠21 +
𝑚̇𝑠42𝑠𝑠42 +
𝑚̇𝑠44𝑠𝑠44 +
𝑚̇𝑠48𝑠𝑠48 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠40𝑠𝑠40 +
𝑚̇𝑠41𝑠𝑠41 +
𝑚̇𝑠43𝑠𝑠43 +
𝑚̇𝑠45𝑠𝑠45  

𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠42𝑒𝑥𝑠42 +
𝑚̇𝑠44𝑒𝑥𝑠44 +
𝑚̇𝑠48𝑒𝑥𝑠48 =
𝑚̇𝑠40𝑒𝑥𝑠40 +
𝑚̇𝑠41𝑒𝑥𝑠41 +
𝑚̇𝑠43𝑒𝑥𝑠43 +
𝑚̇𝑠45𝑒𝑥𝑠45 + 𝐸̇𝑥𝑑  

B27  

(Turbine 1) 
𝑚̇𝑠41ℎ𝑠41 =
𝑚̇𝑠42ℎ𝑠42 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠41𝑠𝑠41 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠42𝑠𝑠42  

𝑚̇𝑠41𝑒𝑥𝑠41 =
𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B28  

(Turbine 2) 
𝑚̇𝑠43ℎ𝑠43 =
𝑚̇𝑠44ℎ𝑠44 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠43𝑠𝑠43 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠44𝑠𝑠44  

𝑚̇𝑠43𝑒𝑥𝑠43 =
𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  
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B29  

(Turbine 3) 
𝑚̇𝑠45ℎ𝑠45 =
𝑚̇𝑠46ℎ𝑠46 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠45𝑠𝑠45 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠46𝑠𝑠46  

𝑚̇𝑠45𝑒𝑥𝑠45 =
𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B30 (heat 

exchanger) 
𝑚̇𝑠46ℎ𝑠46 =
𝑚̇𝑠47ℎ𝑠47 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠46𝑠𝑠46 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠47𝑠𝑠47 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠46𝑒𝑥𝑠46 =
𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B31 (pump) 𝑚̇𝑠47ℎ𝑠47 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠48ℎ𝑠48  

𝑚̇𝑠47𝑠𝑠47 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠48𝑠𝑠48  

𝑚̇𝑠47𝑒𝑥𝑠47 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠48𝑒𝑥𝑠48 + 𝐸̇𝑥𝑑  

 

The overall energy efficiency of the hydrogen production integrated system 1 can be 

written as: 

𝜂𝑜𝑣 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2+𝑊̇𝑛𝑒𝑡+𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑄̇𝑆1
        (4.15) 

𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑇𝑢𝑟𝑏(𝐵2) + 𝑊̇𝑇𝑢𝑟𝑏(𝐵27) + 𝑊̇𝑇𝑢𝑟𝑏(28) + 𝑊̇𝑇𝑢𝑟𝑏(29) − 𝑊̇𝑒 − 𝑊̇𝑐𝑜𝑚𝑝1 − 𝑊̇𝑐𝑜𝑚𝑝2 −

𝑊̇𝑐𝑜𝑚𝑝3 − 𝑊̇𝑝𝑢𝑚𝑝 𝐵4 − 𝑊̇𝐵31        (4.16) 

The exergy efficiency of the subsystem Rankine cycle (RC) can be described as: 

𝜓𝑅𝐶 =
𝑊𝑇𝑢𝑟𝑏(𝐵2)

𝑚̇𝑆5(𝑒𝑥𝑆5−𝑒𝑥𝑆10)
         (4.17) 

The exergy efficiency of the thermochemical Cu-Cl cycle is as follows: 

𝜓𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝑒𝑥𝐻2

𝐸̇𝑥𝑄̇𝑖𝑛
+𝑊̇𝑒

         (4.18) 

𝐸̇𝑥𝑄̇𝑖𝑛
= 𝐸̇𝑥𝑄̇𝐵6

+ +𝐸̇𝑥𝑄̇𝐵7
+ 𝐸̇𝑥𝑄̇𝐵10

+ 𝐸̇𝑥𝑄̇𝐵11
+ 𝐸̇𝑥𝑄̇𝐵17

+ 𝐸̇𝑥𝑄̇𝐵8
+ 𝐸̇𝑥𝑄̇𝐵23

+ 𝐸̇𝑥𝑄̇𝐵24
+

𝐸̇𝑥𝑄̇𝐵25
           (4.19) 

The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜓𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(27)+𝑊̇𝑇𝑢𝑟𝑏(28)+𝑊̇𝑇𝑢𝑟𝑏(29)

𝑚̇𝑆21(𝑒𝑥𝑆40−𝑒𝑥𝑆21)
      (4.20) 
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Table 0.1 The exergy destruction and exergy efficiency of each component included in integrated 

system 1. The subscripts of components and streams refers to the Figure 3.2 and 3.3. 

Component Exergy efficiency Exergy destruction 

rate 

B1 (heat 

exchanger) 
𝜓𝐵1 =

𝑚̇𝑠2𝑒𝑥𝑠2 + 𝑚̇𝑠4𝑒𝑥𝑠4 + 𝑚̇𝑠5𝑒𝑥𝑠5

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝑚̇𝑠3𝑒𝑥𝑠3 + 𝑚̇𝑠10𝑒𝑥𝑠10
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠1𝑒𝑥𝑠1 +
𝑚̇𝑠3𝑒𝑥𝑠3 +
𝑚̇𝑠10𝑒𝑥𝑠10 −
(𝑚̇𝑠2𝑒𝑥𝑠2 +
𝑚̇𝑠4𝑒𝑥𝑠4 + 𝑚̇𝑠5𝑒𝑥𝑠5)  

B2 (turbine) 
𝜓𝐵2 =

𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠7𝑒𝑥𝑠7
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠5𝑒𝑥𝑠5 −
(𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑊̇𝑜𝑢𝑡)  

B3 (heat 

exchanger) 𝜓𝐵3 =
𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠7𝑒𝑥𝑠7
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠7𝑒𝑥𝑠7 −
(𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B4 (pump 1) 
𝜓𝐵4 =

𝑚̇𝑠10𝑒𝑥𝑠10

𝑚̇𝑠9𝑒𝑥𝑠9 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠9𝑒𝑥𝑠9 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠10𝑒𝑥𝑠10  

B6 (heat 

exchanger) 
𝜓𝐵6 =

𝑚̇𝑠14𝑒𝑥𝑠14

𝑚̇𝑠13𝑒𝑥𝑠13 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠13𝑒𝑥𝑠13 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠14𝑒𝑥𝑠14  

B7 (heat 

exchanger) 
𝜓𝐵7 =

𝑚̇𝑠12𝑒𝑥𝑠12

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠11𝑒𝑥𝑠11 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠12𝑒𝑥𝑠12  

B8 

(stoichiometric 

reactor) 

𝜓𝐵8 =
𝑚̇𝑠15𝑒𝑥𝑠15

𝑚̇𝑠14𝑒𝑥14 + 𝑚̇𝑠29𝑒𝑥29
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠14𝑒𝑥14 +
𝑚̇𝑠29𝑒𝑥29 −
𝑚̇𝑠15𝑒𝑥𝑠15  

B9 (separator) 
𝜓𝐵9 =

𝑚̇𝑠16𝑒𝑥𝑠16 + 𝑚̇𝑠17𝑒𝑥𝑠17

𝑚̇𝑠15𝑒𝑥𝑠15
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠15𝑒𝑥𝑠15 −
(𝑚̇𝑠16𝑒𝑥𝑠16 +
𝑚̇𝑠17𝑒𝑥𝑠17)  

B11 

(stoichiometric 

reactor) 

𝜓𝐵11 =
𝑚̇𝑠20𝑒𝑥𝑠20

𝑚̇𝑠12𝑒𝑥𝑠12 + 𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠12𝑒𝑥𝑠12 +
𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠20𝑒𝑥𝑠20  

B12 

(separator) 
𝜓𝐵12 =

𝑚̇𝑠21𝑒𝑥𝑠21 + 𝑚̇𝑠22𝑒𝑥𝑠22

𝑚̇𝑠20𝑒𝑥𝑠20
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠20𝑒𝑥𝑠20 −
(𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠22𝑒𝑥𝑠22)  

B13 (heat 

exchanger) 𝜓𝐵13 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠22𝑒𝑥𝑠22
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠22𝑒𝑥𝑠22 −
(𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B14 

(stoichiometric 

reactor) 

𝜓𝐵14 =
𝑚̇𝑠25𝑒𝑥𝑠25

𝑚̇𝑠18𝑒𝑥𝑠18 + 𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒 −
𝑚̇𝑠25𝑒𝑥𝑠25  

B15 (heat 

exchanger) 𝜓𝐵15 =
𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠17𝑒𝑥𝑠17
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠17𝑒𝑥𝑠17 −
(𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B16 

(separator) 
𝜓𝐵16 =

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑚̇𝑠27𝑒𝑥𝑠27

𝑚̇𝑠25𝑒𝑥𝑠25
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠25𝑒𝑥𝑠25 −
(𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑚̇𝑠27𝑒𝑥𝑠27)  
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B17 (heat 

exchanger) 
𝜓𝐵17 =

𝑚̇𝑠28𝑒𝑥𝑠28

𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠27𝑒𝑥𝑠27 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠28𝑒𝑥𝑠28  

B18  

(Dryer) 
𝜓𝐵18 =

𝑚̇𝑠29𝑒𝑥𝑠29 + 𝑚̇𝑠30𝑒𝑥𝑠30

𝑚̇𝑠28𝑒𝑥𝑠28
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠28𝑒𝑥𝑠28 −
(𝑚̇𝑠29𝑒𝑥𝑠29 +
𝑚̇𝑠30𝑒𝑥𝑠30)  

B20  

(compressor 1) 
𝜓𝐵20 =

𝑚̇𝑠31𝑒𝑥𝑠31

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠31𝑒𝑥𝑠31  

B21  

(compressor 1) 
𝜓𝐵21 =

𝑚̇𝑠34𝑒𝑥𝑠34

𝑚̇𝑠33𝑒𝑥𝑠33 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠33𝑒𝑥𝑠33 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠34𝑒𝑥𝑠34  

B22  

(compressor 1) 
𝜓𝐵22 =

𝑚̇𝑠37𝑒𝑥𝑠37

𝑚̇𝑠36𝑒𝑥𝑠36 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠36𝑒𝑥𝑠36 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠37𝑒𝑥𝑠37  

B23 (heat 

exchanger) 𝜓𝐵23 =
𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠31𝑒𝑥𝑠31
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠31𝑒𝑥𝑠31 −
(𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B24 (heat 

exchanger) 𝜓𝐵24 =
𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠34𝑒𝑥𝑠34
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠34𝑒𝑥𝑠34 −
(𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B25 (heat 

exchanger) 𝜓𝐵25 =
𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠37𝑒𝑥𝑠37
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠37𝑒𝑥𝑠37 −
(𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B26 (heat 

exchanger) 
𝜓𝐵26

=
𝑚̇𝑠40𝑒𝑥𝑠40 + 𝑚̇𝑠41𝑒𝑥𝑠41 + 𝑚̇𝑠43𝑒𝑥𝑠43 + 𝑚̇𝑠45𝑒𝑥𝑠45

𝑚̇𝑠21𝑒𝑥𝑠21 + 𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑚̇𝑠48𝑒𝑥𝑠48
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠42𝑒𝑥𝑠42 +
𝑚̇𝑠44𝑒𝑥𝑠44 +
𝑚̇𝑠48𝑒𝑥𝑠48 −
(𝑚̇𝑠40𝑒𝑥𝑠40 +
𝑚̇𝑠41𝑒𝑥𝑠41 +
𝑚̇𝑠43𝑒𝑥𝑠43 +
𝑚̇𝑠45𝑒𝑥𝑠45)  

B27  

(Turbine 1) 𝜓𝐵27 =
𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠41𝑒𝑥𝑠41
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠41𝑒𝑥𝑠41 −
(𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡)  

B28  

(Turbine 2) 𝜓𝐵28 =
𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠43𝑒𝑥𝑠43
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠43𝑒𝑥𝑠43 −
(𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡)  

B29  

(Turbine 3) 𝜓𝐵29 =
𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠45𝑒𝑥𝑠45
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠45𝑒𝑥𝑠45 −
(𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡)  

B30 (heat 

exchanger) 𝜓𝐵30 =
𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠46𝑒𝑥𝑠46
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠46𝑒𝑥𝑠46 −
(𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B31 (pump) 
𝜓𝐵31 =

𝑚̇𝑠48𝑒𝑥𝑠48

𝑚̇𝑠47𝑒𝑥𝑠47 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠47𝑒𝑥𝑠47 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠48𝑒𝑥𝑠48  

 

The overall exergy efficiency of the hydrogen integrated system 1 can be written as: 

𝜓𝑜𝑣 =
𝑚̇𝐻2𝑒𝑥𝐻2+𝑊̇𝑛𝑒𝑡+𝐸̇𝑥𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝐸̇𝑥𝑄̇𝑆1

        (4.21) 
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4.4 Thermodynamic analysis of system 2  

The thermodynamics analysis is conducted on the integrated hydrogen production system 

2 in this section. Table 4.3 describes the energy, entropy and exergy balance equations of 

all component of the integrated system 2. The subscripts of components and streams refers 

to the Figure 3.5. 

 The integrated system 2 contains thermochemical hydrogen production copper 

chlorine cycle, hydrogen compression cycle and multistage reheat Rankine cycle. The 

exergy destruction and exergy efficiency of each component of second integrated system 

is defined and tabulated in Table 4.4. The subscripts of the components and streams are 

described according to the Figure 3.5. 

 For the second integrated system producing hydrogen from cement industrial waste 

heat. The energy and exergy efficiencies of subsystems and the overall system are 

described in this section. The energy efficiency of the subsystem thermochemical Cu-Cl 

cycle can be described as: 

𝜂𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2

𝑄̇𝑖𝑛+𝑊̇𝑒
         (4.22) 

𝑄̇𝑖𝑛 = 𝑄̇𝐵1 + 𝑄̇𝐵6 + 𝑄̇𝐵4 + 𝑄̇𝐵2 + 𝑄̇𝐵5 + 𝑄̇𝐵12 + 𝑄̇𝐵23 + 𝑄̇𝐵24 + 𝑄̇𝐵25  (4.23) 

The exergy efficiency of the thermochemical Cu-Cl cycle is as follows: 

𝜓𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝑒𝑥𝐻2

𝐸̇𝑥𝑄̇𝑖𝑛
+𝑊̇𝑒

         (4.24) 

𝐸̇𝑥𝑄̇𝑖𝑛
= 𝐸̇𝑥𝑄̇𝐵1

+ 𝐸̇𝑥𝐵6 + 𝐸̇𝑥𝑄̇𝐵2
+ 𝐸̇𝑥𝑄̇𝐵4

+ 𝐸̇𝑥𝑄̇𝐵5
+ 𝐸̇𝑥𝑄̇𝐵12

+ 𝐸̇𝑥𝑄̇𝐵23
+ 𝐸̇𝑥𝑄̇𝐵24

+

𝐸̇𝑥𝑄̇𝐵25
           (4.25) 

The energy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜂𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(14)+𝑊̇𝑇𝑢𝑟𝑏(16)+𝑊̇𝑇𝑢𝑟𝑏(17)

𝑚̇𝑆13(ℎ𝑆4−ℎ𝑆13)
      (4.26) 

The subscripts of the components and streams refers to the Figure 3.5. 
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Table 0.2 The energy, entropy and exergy balance equations on all components of integrated 

system 2 containing Cu-Cl cycle, hydrogen compression and multistage reheat Rankine cycle 

demonstrated in Figure 3.5 and the subscripts of component and stream names also refers to 

Figure 3.5. 

Component Energy balance 

equation 

Entropy balance 

equation 

Exergy balance 

equation 

B1 (heat 

exchanger) 
𝑚̇𝑠1ℎ𝑠1 + 𝑄̇𝑖𝑛

= 𝑚̇𝑠2ℎ𝑠2 

𝑚̇𝑠1𝑠𝑠1 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠2𝑠𝑠2  

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠2𝑒𝑥𝑠2 + 𝐸̇𝑥𝑑  

B2 

(stoichiometric 

reactor) 

𝑚̇𝑠2ℎ𝑠2 + 𝑚̇𝑠2ℎ𝑠2

= 𝑚̇𝑠3ℎ𝑠3 

𝑚̇𝑠2𝑠𝑠2 +
𝑚̇𝑠2𝑠𝑠2 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠3𝑠𝑠3  

𝑚̇𝑠2𝑒𝑥 + 𝑚̇𝑠2𝑒𝑥 =
𝑚̇𝑠3𝑒𝑥𝑠3 + 𝐸̇𝑥𝑑  

B3 (separator) 𝑚̇𝑠3ℎ𝑠3

= 𝑚̇𝑠5ℎ𝑠5 + 𝑚̇𝑠6ℎ𝑠6 
𝑚̇𝑠3𝑠𝑠3 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠5𝑠𝑠5 + 𝑚̇𝑠6𝑠𝑠6  

𝑚̇𝑠3𝑒𝑥𝑠3 = 𝑚̇𝑠5𝑒𝑥𝑠5 +
𝑚̇𝑠6𝑒𝑥𝑠6 + 𝐸̇𝑥𝑑  

B5 

(stoichiometric 

reactor) 

𝑚̇𝑠7ℎ𝑠7 + 𝑚̇𝑠9ℎ𝑠9

+ 𝑄̇𝑖𝑛 = 𝑚̇𝑠10ℎ𝑠10 

𝑚̇𝑠7𝑠𝑠7 +
𝑚̇𝑠9𝑠𝑠9 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠10𝑠𝑠10  

𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑚̇𝑠9𝑒𝑥𝑠9 +
𝐸̇𝑥𝑄̇𝑖𝑛

= 𝑚̇𝑠10𝑒𝑥𝑠10 +

𝐸̇𝑥𝑑  

B6 (heat 

exchanger) 
𝑚̇𝑠8ℎ𝑠8 + 𝑄̇𝑖𝑛

= 𝑚̇𝑠9ℎ𝑠9 

𝑚̇𝑠8𝑠𝑠8 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠9𝑠𝑠9  

𝑚̇𝑠8𝑒𝑥𝑠8 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑑  

B7 (separator) 𝑚̇𝑠10ℎ𝑠10

= 𝑚̇𝑠11ℎ𝑠11

+ 𝑚̇𝑠12ℎ𝑠12 

𝑚̇𝑠10𝑠𝑠10 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠11𝑠𝑠11 +
𝑚̇𝑠12𝑠𝑠12  

𝑚̇𝑠10𝑒𝑥𝑠10 =
𝑚̇𝑠11𝑒𝑥𝑠11 +
𝑚̇𝑠12𝑒𝑥𝑠12 + 𝐸̇𝑥𝑑  

B8 (heat 

exchanger) 
𝑚̇𝑠12ℎ𝑠12 = 𝑚̇𝑠13ℎ𝑠13

+ 𝑄̇𝑜𝑢𝑡 

𝑚̇𝑠12𝑠𝑠12 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠13𝑠𝑠13 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠12𝑒𝑥𝑠12 =
𝑚̇𝑠13𝑒𝑥𝑠13 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B9 

(stoichiometric 

reactor) 

𝑚̇𝑠13ℎ𝑠13 + 𝑚̇𝑠17ℎ𝑠17

+ 𝑊̇𝑒 = 𝑚̇𝑠16ℎ𝑠16 

𝑚̇𝑠13𝑠𝑠13 +
𝑚̇𝑠17𝑠𝑠17 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠16𝑠𝑠16  

𝑚̇𝑠13𝑒𝑥𝑠13 +
𝑚̇𝑠17𝑒𝑥𝑠17 + 𝑊̇𝑒 =
𝑚̇𝑠16𝑒𝑥𝑠16 + 𝐸̇𝑥𝑑  

B10 (heat 

exchanger) 
𝑚̇𝑠6ℎ𝑠6 = 𝑚̇𝑠17ℎ𝑠17 +
𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠6𝑠𝑠6 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠17𝑠𝑠17 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠6𝑒𝑥𝑠6 =
𝑚̇𝑠17𝑒𝑥𝑠17 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B11 

(separator) 
𝑚̇𝑠16ℎ𝑠16 =
𝑚̇𝑠19ℎ𝑠19 + 𝑚̇𝑠20ℎ𝑠20  

𝑚̇𝑠16𝑠𝑠16 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠19𝑠𝑠19 +
𝑚̇𝑠20𝑠𝑠20  

𝑚̇𝑠16𝑒𝑥𝑠16 =
𝑚̇𝑠19𝑒𝑥𝑠19 +
𝑚̇𝑠20𝑒𝑥𝑠20 + 𝐸̇𝑥𝑑  

B12 (heat 

exchanger) 
𝑚̇𝑠20ℎ𝑠20 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠21ℎ𝑠21  

𝑚̇𝑠20𝑠𝑠20 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠21𝑠𝑠21  

𝑚̇𝑠20𝑒𝑥𝑠20 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠21𝑒𝑥𝑠21 + 𝐸̇𝑥𝑑  
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B13 (heat 

exchanger) 
𝑚̇𝑠11ℎ𝑠11 + 𝑚̇𝑠22ℎ𝑠22

+ 𝑚̇𝑠24ℎ𝑠24

+ 𝑚̇𝑠30ℎ𝑠30

= 𝑚̇𝑠4ℎ𝑠4 + 𝑚̇𝑠15ℎ𝑠15

+ 𝑚̇𝑠23ℎ𝑠23

+ 𝑚̇𝑠25ℎ𝑠25 

𝑚̇𝑠11𝑠𝑠11

+ 𝑚̇𝑠22𝑠𝑠22

+ 𝑚̇𝑠24𝑠𝑠24

+ 𝑚̇𝑠30𝑠𝑠30 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠4𝑠𝑠4

+ 𝑚̇𝑠15𝑠𝑠15

+ 𝑚̇𝑠23𝑠𝑠23

+ 𝑚̇𝑠25𝑠𝑠25 

𝑚̇𝑠11𝑒𝑥𝑠11 +
𝑚̇𝑠22𝑒𝑥𝑠22 +
𝑚̇𝑠24𝑒𝑥𝑠24 +
𝑚̇𝑠30𝑒𝑥𝑠30 =
𝑚̇𝑠4𝑒𝑥𝑠4 +
𝑚̇𝑠15𝑒𝑥𝑠15 +
𝑚̇𝑠23𝑒𝑥𝑠23 +
𝑚̇𝑠25𝑒𝑥𝑠25 + 𝐸̇𝑥𝑑  

B14  

(Turbine 1) 
𝑚̇𝑠15ℎ𝑠15 =
𝑚̇𝑠22ℎ𝑠22 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠15𝑠𝑠15 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠22𝑠𝑠22  

𝑚̇𝑠15𝑒𝑥𝑠15

= 𝑚̇𝑠22𝑒𝑥𝑠22 + 𝑊̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑 

B15  

(Dryer) 
𝑚̇𝑠21ℎ𝑠21 =
𝑚̇𝑠26ℎ𝑠26 + 𝑚̇𝑠27ℎ𝑠27  

𝑚̇𝑠21𝑠𝑠21 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠26𝑠𝑠26 +
𝑚̇𝑠27𝑠𝑠27  

𝑚̇𝑠21𝑒𝑥𝑠21 =
𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑑  

B16  

(Turbine 2) 
𝑚̇𝑠23ℎ𝑠23 =
𝑚̇𝑠24ℎ𝑠24 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠23𝑠𝑠23 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠24𝑠𝑠24  

𝑚̇𝑠23𝑒𝑥𝑠23 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B17  

(Turbine 3) 
𝑚̇𝑠25ℎ𝑠25 =
𝑚̇𝑠28ℎ𝑠28 + 𝑊̇𝑜𝑢𝑡  

𝑚̇𝑠25𝑠𝑠25 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠28𝑠𝑠28  

𝑚̇𝑠25𝑒𝑥𝑠25 =
𝑚̇𝑠28𝑒𝑥𝑠28 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B18 (pump) 𝑚̇𝑠29ℎ𝑠29 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠30ℎ𝑠30  

𝑚̇𝑠29𝑠𝑠29 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠30𝑠𝑠30  

𝑚̇𝑠29𝑒𝑥𝑠29 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠30𝑒𝑥𝑠30 + 𝐸̇𝑥𝑑  

B19 (heat 

exchanger) 
𝑚̇𝑠28ℎ𝑠28 =

𝑚̇𝑠29ℎ𝑠29 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠28𝑠𝑠28 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠29𝑠𝑠29 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠28𝑒𝑥𝑠28 =
𝑚̇𝑠29𝑒𝑥𝑠29 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B20 

(compressor 1) 
𝑚̇𝑠19ℎ𝑠19 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34ℎ𝑠34  

𝑚̇𝑠19𝑠𝑠19 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠34𝑠𝑠34 

𝑚̇𝑠19𝑒𝑥𝑠19 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34𝑒𝑥𝑠34 + 𝐸̇𝑥𝑑  

B21 

(compressor 1) 
𝑚̇𝑠35ℎ𝑠35 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠36ℎ𝑠36  

𝑚̇𝑠35𝑠𝑠35 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠36𝑠𝑠36 

𝑚̇𝑠35𝑒𝑥𝑠35 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑑  

B22 

(compressor 1) 
𝑚̇𝑠37ℎ𝑠37 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠38ℎ𝑠38  

𝑚̇𝑠37𝑠𝑠37 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠38𝑠𝑠38 

𝑚̇𝑠37𝑒𝑥𝑠37 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠38𝑒𝑥𝑠38 + 𝐸̇𝑥𝑑  

B23 (heat 

exchanger) 
𝑚̇𝑠34ℎ𝑠34 =
𝑚̇𝑠35ℎ𝑠35 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠34𝑠𝑠34 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠35𝑠𝑠35 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠34𝑒𝑥𝑠34 =
𝑚̇𝑠35𝑒𝑥𝑠35 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B24 (heat 

exchanger) 
𝑚̇𝑠36ℎ𝑠36 =
𝑚̇𝑠37ℎ𝑠37 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠36𝑠𝑠36 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠37𝑠𝑠37 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠36𝑒𝑥𝑠36 =
𝑚̇𝑠37𝑒𝑥𝑠37 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B25 (heat 

exchanger) 
𝑚̇𝑠38ℎ𝑠38 =
𝑚̇𝑠39ℎ𝑠39 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠38𝑠𝑠38 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠39𝑠𝑠39 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠38𝑒𝑥𝑠38 =
𝑚̇𝑠39𝑒𝑥𝑠39 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  
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Table 0.3 The exergy destruction and exergy efficiencies of all the components of hydrogen 

production Cu-Cl cycle and the subscripts of components and streams are represented from 

Figure 3.5. 

Component Exergy efficiency Exergy 

destruction rate 

B1 (heat 

exchanger) 
𝜓𝐵1 =

𝑚̇𝑠2𝑒𝑥𝑠2

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 =
𝑚̇𝑠1𝑒𝑥𝑠1 +
𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠2𝑒𝑥𝑠2  

B2 

(stoichiometric 

reactor) 

𝜓𝐵2 =
𝑚̇𝑠3𝑒𝑥𝑠3

𝑚̇𝑠2𝑒𝑥 + 𝑚̇𝑠2𝑒𝑥
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠2𝑒𝑥 +
𝑚̇𝑠2𝑒𝑥 −
𝑚̇𝑠3𝑒𝑥𝑠3  

B3 (separator) 
𝜓𝐵3 =

𝑚̇𝑠5𝑒𝑥𝑠5 + 𝑚̇𝑠6𝑒𝑥𝑠6

𝑚̇𝑠3𝑒𝑥𝑠3
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠3𝑒𝑥𝑠3

− (𝑚̇𝑠5𝑒𝑥𝑠5

+ 𝑚̇𝑠6𝑒𝑥𝑠6) 

B5 

(stoichiometric 

reactor) 

𝜓𝐵5 =
𝑚̇𝑠10𝑒𝑥𝑠10

𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 =
𝑚̇𝑠7𝑒𝑥𝑠7 +
𝑚̇𝑠9𝑒𝑥𝑠9 +
𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠10𝑒𝑥𝑠10  

B6 (heat 

exchanger) 
𝜓𝐵6 =

𝑚̇𝑠9𝑒𝑥𝑠9

𝑚̇𝑠8𝑒𝑥𝑠8 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 =
𝑚̇𝑠8𝑒𝑥𝑠8 +
𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠9𝑒𝑥𝑠9  

B7 (separator) 
𝜓𝐵7 =

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝑚̇𝑠12𝑒𝑥𝑠12

𝑚̇𝑠10𝑒𝑥𝑠10
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠10𝑒𝑥𝑠10 −
(𝑚̇𝑠11𝑒𝑥𝑠11 +
𝑚̇𝑠12𝑒𝑥𝑠12)  

B8 (heat 

exchanger) 𝜓𝐵8 =
𝑚̇𝑠13𝑒𝑥𝑠13 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠12𝑒𝑥𝑠12
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠12𝑒𝑥𝑠12 −
(𝑚̇𝑠13𝑒𝑥𝑠13 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B9 

(stoichiometric 

reactor) 

𝜓𝐵9 =
𝑚̇𝑠16𝑒𝑥𝑠16

𝑚̇𝑠13𝑒𝑥𝑠13 + 𝑚̇𝑠17𝑒𝑥𝑠17 + 𝑊̇𝑒

 
𝐸̇𝑥𝑑 =
𝑚̇𝑠13𝑒𝑥𝑠13 +
𝑚̇𝑠17𝑒𝑥𝑠17 +
𝑊̇𝑒 −
𝑚̇𝑠16𝑒𝑥𝑠16  

B10 (heat 

exchanger) 𝜓𝐵10 =
𝑚̇𝑠17𝑒𝑥𝑠17 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠6𝑒𝑥𝑠6
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠6𝑒𝑥𝑠6 −
(𝑚̇𝑠17𝑒𝑥𝑠17 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  



62 

 

B11 

(separator) 
𝜓𝐵11 =

𝑚̇𝑠19𝑒𝑥𝑠19 + 𝑚̇𝑠20𝑒𝑥𝑠20

𝑚̇𝑠16𝑒𝑥𝑠16
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠16𝑒𝑥𝑠16 −
(𝑚̇𝑠19𝑒𝑥𝑠19 +
𝑚̇𝑠20𝑒𝑥𝑠20)
  

B12 (heat 

exchanger) 
𝜓𝐵12 =

𝑚̇𝑠21𝑒𝑥𝑠21

𝑚̇𝑠20𝑒𝑥𝑠20 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 =
𝑚̇𝑠20𝑒𝑥𝑠20 +
𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠21𝑒𝑥𝑠21

  

B13 (heat 

exchanger) 
𝜓𝐵13

=
𝑚̇𝑠4𝑒𝑥𝑠4 + 𝑚̇𝑠15𝑒𝑥𝑠15 + 𝑚̇𝑠23𝑒𝑥𝑠23 + 𝑚̇𝑠25𝑒𝑥𝑠25

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝑚̇𝑠22𝑒𝑥𝑠22 + 𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑚̇𝑠30𝑒𝑥𝑠30
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠11𝑒𝑥𝑠11 +
𝑚̇𝑠22𝑒𝑥𝑠22 +
𝑚̇𝑠24𝑒𝑥𝑠24 +
𝑚̇𝑠30𝑒𝑥𝑠30 −
(𝑚̇𝑠4𝑒𝑥𝑠4 +
𝑚̇𝑠15𝑒𝑥𝑠15 +
𝑚̇𝑠23𝑒𝑥𝑠23 +
𝑚̇𝑠25𝑒𝑥𝑠25)  

B14  

(Turbine 1) 𝜓𝐵14 =
𝑚̇𝑠22𝑒𝑥𝑠22 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠15𝑒𝑥𝑠15
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠15𝑒𝑥𝑠15

− (𝑚̇𝑠22𝑒𝑥𝑠22

+ 𝑊̇𝑜𝑢𝑡) 

B15  

(Dryer) 
𝜓𝐵15 =

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑚̇𝑠27𝑒𝑥𝑠27

𝑚̇𝑠21𝑒𝑥𝑠21
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠21𝑒𝑥𝑠21

− (𝑚̇𝑠26𝑒𝑥𝑠26

+ 𝑚̇𝑠27𝑒𝑥𝑠27) 

B16  

(Turbine 2) 𝜓𝐵16 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠23𝑒𝑥𝑠23
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠23𝑒𝑥𝑠23

− (𝑚̇𝑠24𝑒𝑥𝑠24

+ 𝑊̇𝑜𝑢𝑡) 

B17  

(Turbine 3) 𝜓𝐵17 =
𝑚̇𝑠28𝑒𝑥𝑠28 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠25𝑒𝑥𝑠25
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠25𝑒𝑥𝑠25

− (𝑚̇𝑠28𝑒𝑥𝑠28

+ 𝑊̇𝑜𝑢𝑡) 

B18 (pump) 
𝜓𝐵18 =

𝑚̇𝑠30𝑒𝑥𝑠30

𝑚̇𝑠29𝑒𝑥𝑠29 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑

= 𝑚̇𝑠29𝑒𝑥𝑠29

+ 𝑊̇𝑖𝑛

− 𝑚̇𝑠30𝑒𝑥𝑠30 

B19 (heat 

exchanger) 𝜓𝐵19 =
𝑚̇𝑠29𝑒𝑥𝑠29 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠28𝑒𝑥𝑠28
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠28𝑒𝑥𝑠28

− (𝑚̇𝑠29𝑒𝑥𝑠29

+ 𝐸̇𝑥𝑄̇𝑜𝑢𝑡
) 
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B20 

(compressor 1) 
𝜓𝐵20 =

𝑚̇𝑠34𝑒𝑥𝑠34

𝑚̇𝑠19𝑒𝑥𝑠19 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑

= 𝑚̇𝑠19𝑒𝑥𝑠19

+ 𝑊̇𝑖𝑛

− 𝑚̇𝑠34𝑒𝑥𝑠34 

B21 

(compressor 1) 
𝜓𝐵21 =

𝑚̇𝑠36𝑒𝑥𝑠36

𝑚̇𝑠35𝑒𝑥𝑠35 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑

= 𝑚̇𝑠35𝑒𝑥𝑠35

+ 𝑊̇𝑖𝑛

− 𝑚̇𝑠36𝑒𝑥𝑠36 

B22 

(compressor 1) 
𝜓𝐵22 =

𝑚̇𝑠38𝑒𝑥𝑠38

𝑚̇𝑠37𝑒𝑥𝑠37 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑

= 𝑚̇𝑠37𝑒𝑥𝑠37

+ 𝑊̇𝑖𝑛

− 𝑚̇𝑠38𝑒𝑥𝑠38 

B23 (heat 

exchanger) 𝜓𝐵23 =
𝑚̇𝑠35𝑒𝑥𝑠35 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠34𝑒𝑥𝑠34
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠34𝑒𝑥𝑠34

− (𝑚̇𝑠35𝑒𝑥𝑠35

+ 𝐸̇𝑥𝑄̇𝑜𝑢𝑡
) 

B24 (heat 

exchanger) 𝜓𝐵24 =
𝑚̇𝑠37𝑒𝑥𝑠37 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠36𝑒𝑥𝑠36
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠36𝑒𝑥𝑠36

− (𝑚̇𝑠37𝑒𝑥𝑠37

+ 𝐸̇𝑥𝑄̇𝑜𝑢𝑡
) 

B25 (heat 

exchanger) 𝜓𝐵25 =
𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠38𝑒𝑥𝑠38
 

𝐸̇𝑥𝑑

= 𝑚̇𝑠38𝑒𝑥𝑠38

− (𝑚̇𝑠39𝑒𝑥𝑠39

+ 𝐸̇𝑥𝑄̇𝑜𝑢𝑡
) 

 

The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜓𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(14)+𝑊̇𝑇𝑢𝑟𝑏(16)+𝑊̇𝑇𝑢𝑟𝑏(17)

𝑚̇𝑆13(𝑒𝑥𝑆4−𝑒𝑥𝑆13)
      (4.27) 

The heat released from the condenser can be formulated as: 

𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇17(ℎ37 − ℎ36)        (4.28) 

The overall energy efficiency of the hydrogen integrated system 2 can be written as: 

𝜂𝑜𝑣 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2+𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔+𝑊̇𝑜𝑢𝑡

𝑄̇𝑖𝑛+𝑊̇𝑖𝑛
        (4.29) 

𝑊̇𝑜𝑢𝑡 = 𝑊̇𝑇𝑢𝑟𝑏(14) + 𝑊̇𝑇𝑢𝑟𝑏(16) + 𝑊̇𝑇𝑢𝑟𝑏(17)      (4.30) 

𝑊̇𝑖𝑛 = 𝑊̇𝑒 + 𝑊̇𝑐𝑜𝑚𝑝1 + 𝑊̇𝑐𝑜𝑚𝑝2 + 𝑊̇𝑐𝑜𝑚𝑝3 + 𝑊̇𝐵18     (4.31) 
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The overall exergy efficiency of the hydrogen integrated system 1 can be written as: 

𝜓𝑜𝑣 =
𝑚̇𝐻2𝑒𝑥𝐻2+𝐸̇𝑥𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔

+𝑊̇𝑜𝑢𝑡

𝐸̇𝑥𝑄̇𝑆1
+𝑊̇𝑖𝑛

        (4.32) 

4.5 Thermodynamic analysis of system 3  

The thermodynamic analysis is conducted on the integrated hydrogen production system 3 

in this section in order to obtain the efficiency and performance information. Table 4.5 

describes the energy, entropy and exergy balance equations of all components of the 

integrated system 3. The subscripts of components and streams refers to the Figures 3.7, 

3.8 and 3.9. 

 The integrated system 3 contains Rankine cycle, thermochemical hydrogen 

production copper chlorine cycle, hydrogen compression cycle, multistage reheat Rankine 

cycle and Reverse Osmosis (RO) desalination unit. The exergy destruction and exergy 

efficiency of each component of third integrated system is defined and tabulated in Table 

4.6. The subscripts of the components and streams are described according to Figures 3.7, 

3.8 and 3.9. 

 The third integrated system consists of Rankine cycle, thermochemical Cu-Cl 

cycle, hydrogen compression system, multistage Rankine cycle and reverse osmosis 

desalination system. The thermodynamic analysis is conducted on the subsystems and the 

overall system in order to investigate the performance and efficiencies. 

The energy and exergy efficiency of the Rankine cycle (RC) can be described as follows: 

𝜂𝑅𝐶 =
𝑊𝑇𝑢𝑟𝑏(𝐵2)

𝑚̇𝑆5(ℎ𝑆5−ℎ𝑆10)
         (4.33) 

The exergy efficiency of the subsystem Rankine cycle (RC) can be described as: 

𝜓𝑅𝐶 =
𝑊𝑇𝑢𝑟𝑏(𝐵2)

𝑚̇𝑆5(𝑒𝑥𝑆5−𝑒𝑥𝑆10)
         (4.34) 

The energy efficiency of the thermochemical Cu-Cl cycle is as follows: 

𝜂𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2

𝑄̇𝑖𝑛+𝑊̇𝑒
         (4.35) 
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Table 0.4 The energy, entropy and exergy balance equations of third integrated hydrogen 

production system. The subscripts of components and streams refers to the Figures 3.7, 3.8 and 

3.9 and the subscripts for RO desalination unit refers to Figure 3.6. 

Component Energy balance 

equation 

Entropy balance 

equation 

Exergy balance 

equation 

B1 (heat 

exchanger) 
𝑚̇𝑠1ℎ𝑠1 + 𝑚̇𝑠3ℎ𝑠3 +
𝑚̇𝑠10ℎ𝑠10 =
𝑚̇𝑠2ℎ𝑠2 + 𝑚̇𝑠4ℎ𝑠4 +
𝑚̇𝑠5ℎ𝑠5  

𝑚̇𝑠1𝑠𝑠1 +
𝑚̇𝑠3𝑠𝑠3 +
𝑚̇𝑠10𝑠𝑠10 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠2𝑠𝑠2 +

𝑚̇𝑠4𝑠𝑠4 + 𝑚̇𝑠5𝑠𝑠5  

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝑚̇𝑠3𝑒𝑥𝑠3 +
𝑚̇𝑠10𝑒𝑥𝑠10 =
𝑚̇𝑠2𝑒𝑥𝑠2 + 𝑚̇𝑠4𝑒𝑥𝑠4 +
𝑚̇𝑠5𝑒𝑥𝑠5 + 𝐸̇𝑥𝑑  

B2 (turbine) 𝑚̇𝑠5ℎ𝑠5

= 𝑚̇𝑠7ℎ𝑠7 + 𝑊̇𝑜𝑢𝑡 

𝑚̇𝑠5𝑠𝑠5 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠7𝑠𝑠7 

𝑚̇𝑠5𝑒𝑥𝑠5 = 𝑚̇𝑠7𝑒𝑥𝑠7 +
𝑊̇𝑜𝑢𝑡 + 𝐸̇𝑥𝑑  

B3 (heat 

exchanger) 
𝑚̇𝑠7ℎ𝑠7

= 𝑚̇𝑠9ℎ𝑠9 + 𝑄̇𝑜𝑢𝑡 

𝑚̇𝑠7𝑠𝑠7 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠9𝑠𝑠9 +
𝑄̇𝑜𝑢𝑡

𝑇0
 

𝑚̇𝑠7𝑒𝑥𝑠7 = 𝑚̇𝑠9𝑒𝑥𝑠9 +
𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑  

B4 (pump 1) 𝑚̇𝑠9ℎ𝑠9 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠10ℎ𝑠10  

𝑚̇𝑠9𝑠𝑠9 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠10𝑠𝑠10  

𝑚̇𝑠9𝑒𝑥𝑠9 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠10𝑒𝑥𝑠10 + 𝐸̇𝑥𝑑  

B6 (heat 

exchanger) 
𝑚̇𝑠13ℎ𝑠13 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠14ℎ𝑠14  

𝑚̇𝑠13𝑠𝑠13 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠14𝑠𝑠14  

𝑚̇𝑠13𝑒𝑥𝑠13 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠14𝑒𝑥𝑠14 + 𝐸̇𝑥𝑑  

B7 (heat 

exchanger) 
𝑚̇𝑠11ℎ𝑠11 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠12ℎ𝑠12  

𝑚̇𝑠11𝑠𝑠11 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠12𝑠𝑠12  

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠12𝑒𝑥𝑠12 + 𝐸̇𝑥𝑑  

B8 

(stoichiometric 

reactor) 

𝑚̇𝑠14ℎ𝑠14 +
𝑚̇𝑠29ℎ𝑠29 =
𝑚̇𝑠15ℎ𝑠15  

𝑚̇𝑠14𝑠𝑠14 +
𝑚̇𝑠29𝑠𝑠29 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠15𝑠𝑠15  

𝑚̇𝑠14𝑒𝑥14 +
𝑚̇𝑠29𝑒𝑥29 =
𝑚̇𝑠15𝑒𝑥𝑠15 + 𝐸̇𝑥𝑑  

B9 (separator) 𝑚̇𝑠15ℎ𝑠15 =
𝑚̇𝑠16ℎ𝑠16 +
𝑚̇𝑠17ℎ𝑠17  

𝑚̇𝑠15𝑠𝑠15 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠16𝑠𝑠16 +
𝑚̇𝑠17𝑠𝑠17  

𝑚̇𝑠15𝑒𝑥𝑠15 =
𝑚̇𝑠16𝑒𝑥𝑠16 +
𝑚̇𝑠17𝑒𝑥𝑠17 + 𝐸̇𝑥𝑑  

B11 

(stoichiometric 

reactor) 

𝑚̇𝑠12ℎ𝑠12 +
𝑚̇𝑠19ℎ𝑠19 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠20ℎ𝑠20  

𝑚̇𝑠12𝑠𝑠12 +
𝑚̇𝑠19𝑠𝑠19 + 𝑆̇𝑔𝑒𝑛 +
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠20𝑠𝑠20  

𝑚̇𝑠12𝑒𝑥𝑠12 +
𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

=

𝑚̇𝑠20𝑒𝑥𝑠20 + 𝐸̇𝑥𝑑  

B12 (separator) 𝑚̇𝑠20ℎ𝑠20 =
𝑚̇𝑠21ℎ𝑠21 +
𝑚̇𝑠22ℎ𝑠22  

𝑚̇𝑠20𝑠𝑠20 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠21𝑠𝑠21 +
𝑚̇𝑠22𝑠𝑠22  

𝑚̇𝑠20𝑒𝑥𝑠20 =
𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠22𝑒𝑥𝑠22 + 𝐸̇𝑥𝑑  

B13 (heat 

exchanger) 
𝑚̇𝑠22ℎ𝑠22 =
𝑚̇𝑠24ℎ𝑠24 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠22𝑠𝑠22 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠24𝑠𝑠24 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠22𝑒𝑥𝑠22 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  
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B14 

(stoichiometric 

reactor) 

𝑚̇𝑠18ℎ𝑠18 +
𝑚̇𝑠24ℎ𝑠24 + 𝑊̇𝑒 =
𝑚̇𝑠25ℎ𝑠25  

𝑚̇𝑠18𝑠𝑠18

+ 𝑚̇𝑠24𝑠𝑠24 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠25𝑠𝑠25 

𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒 =
𝑚̇𝑠25𝑒𝑥𝑠25 + 𝐸̇𝑥𝑑  

B15 (heat 

exchanger) 
𝑚̇𝑠17ℎ𝑠17 =
𝑚̇𝑠18ℎ𝑠18 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠17𝑠𝑠17 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠18𝑠𝑠18 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠17𝑒𝑥𝑠17 =
𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B16 (separator) 𝑚̇𝑠25ℎ𝑠25 =
𝑚̇𝑠26ℎ𝑠26 +
𝑚̇𝑠27ℎ𝑠27  

𝑚̇𝑠25𝑠𝑠25 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠26𝑠𝑠26 +
𝑚̇𝑠27𝑠𝑠27  

𝑚̇𝑠25𝑒𝑥𝑠25 =
𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑑  

B17 (heat 

exchanger) 
𝑚̇𝑠27ℎ𝑠27 + 𝑄̇𝑖𝑛 =
𝑚̇𝑠28ℎ𝑠28  

𝑚̇𝑠27𝑠𝑠27 + 𝑆̇𝑔𝑒𝑛

+
𝑄̇𝑖𝑛

𝑇0
= 𝑚̇𝑠28𝑠𝑠28 

𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑄̇𝑖𝑛
=

𝑚̇𝑠28𝑒𝑥𝑠28 + 𝐸̇𝑥𝑑  

B18  

(Dryer) 
𝑚̇𝑠28ℎ𝑠28 =
𝑚̇𝑠29ℎ𝑠29 +
𝑚̇𝑠30ℎ𝑠30  

𝑚̇𝑠28𝑠𝑠28 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠29𝑠𝑠29 +
𝑚̇𝑠30𝑠𝑠30  

𝑚̇𝑠28𝑒𝑥𝑠28 =
𝑚̇𝑠29𝑒𝑥𝑠29 +
𝑚̇𝑠30𝑒𝑥𝑠30 + 𝐸̇𝑥𝑑  

B20 (compressor 

1) 
𝑚̇𝑠26ℎ𝑠26 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠31ℎ𝑠31  

𝑚̇𝑠26𝑠𝑠26 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠31𝑠𝑠31  

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠31𝑒𝑥𝑠31 + 𝐸̇𝑥𝑑  

B21 (compressor 

1) 
𝑚̇𝑠33ℎ𝑠33 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34ℎ𝑠34  

𝑚̇𝑠33𝑠𝑠33 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠34𝑠𝑠34  

𝑚̇𝑠33𝑒𝑥𝑠33 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠34𝑒𝑥𝑠34 + 𝐸̇𝑥𝑑  

B22 (compressor 

1) 
𝑚̇𝑠36ℎ𝑠36 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠37ℎ𝑠37  

𝑚̇𝑠36𝑠𝑠36 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠37𝑠𝑠37  

𝑚̇𝑠36𝑒𝑥𝑠36 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠37𝑒𝑥𝑠37 + 𝐸̇𝑥𝑑  

B23 (heat 

exchanger) 
𝑚̇𝑠31ℎ𝑠31 =
𝑚̇𝑠33ℎ𝑠33 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠31𝑠𝑠31 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠33𝑠𝑠33 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠31𝑒𝑥𝑠31 =
𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B24 (heat 

exchanger) 
𝑚̇𝑠34ℎ𝑠34 =
𝑚̇𝑠36ℎ𝑠36 + 𝑄̇𝑜𝑢𝑡  

𝑚̇𝑠34𝑠𝑠34 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠36𝑠𝑠36 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠34𝑒𝑥𝑠34 =
𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑   

B25 (heat 

exchanger) 
𝑚̇𝑠37ℎ𝑠37

= 𝑚̇𝑠39ℎ𝑠39 + 𝑄̇𝑜𝑢𝑡 

𝑚̇𝑠37𝑠𝑠37 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠39𝑠𝑠39 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠37𝑒𝑥𝑠37

= 𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+ 𝐸̇𝑥𝑑 

B26 (heat 

exchanger) 
𝑚̇𝑠17ℎ𝑠17 +
𝑚̇𝑠42ℎ𝑠42 +
𝑚̇𝑠44ℎ𝑠44 +
𝑚̇𝑠48ℎ𝑠48 =
𝑚̇𝑠18ℎ𝑠18 +
𝑚̇𝑠41ℎ𝑠41 +
𝑚̇𝑠43ℎ𝑠43 +
𝑚̇𝑠45ℎ𝑠45  

𝑚̇𝑠17𝑠𝑠17

+ 𝑚̇𝑠42𝑠𝑠42

+ 𝑚̇𝑠44𝑠𝑠44

+ 𝑚̇𝑠48𝑠𝑠48 + 𝑆̇𝑔𝑒𝑛

= 𝑚̇𝑠18𝑠𝑠18

+ 𝑚̇𝑠41𝑠𝑠41

+ 𝑚̇𝑠43𝑠𝑠43

+ 𝑚̇𝑠45𝑠𝑠45 

𝑚̇𝑠17𝑒𝑥𝑠17 +
𝑚̇𝑠42𝑒𝑥𝑠42 +
𝑚̇𝑠44𝑒𝑥𝑠44 +
𝑚̇𝑠48𝑒𝑥𝑠48 =
𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠41𝑒𝑥𝑠41 +
𝑚̇𝑠43𝑒𝑥𝑠43 +
𝑚̇𝑠45𝑒𝑥𝑠45 + 𝐸̇𝑥𝑑  
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B27  

(Turbine 1) 
𝑚̇𝑠41ℎ𝑠41

= 𝑚̇𝑠42ℎ𝑠42 + 𝑊̇𝑜𝑢𝑡 

𝑚̇𝑠41𝑠𝑠41 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠42𝑠𝑠42  

𝑚̇𝑠41𝑒𝑥𝑠41 =
𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B28  

(Turbine 2) 
𝑚̇𝑠43ℎ𝑠43

= 𝑚̇𝑠44ℎ𝑠44 + 𝑊̇𝑜𝑢𝑡 

𝑚̇𝑠43𝑠𝑠43 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠44𝑠𝑠44  

𝑚̇𝑠43𝑒𝑥𝑠43 =
𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B29  

(Turbine 3) 
𝑚̇𝑠45ℎ𝑠45

= 𝑚̇𝑠46ℎ𝑠46 + 𝑊̇𝑜𝑢𝑡 

𝑚̇𝑠45𝑠𝑠45 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠46𝑠𝑠46  

𝑚̇𝑠45𝑒𝑥𝑠45 =
𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡 +
𝐸̇𝑥𝑑  

B30 (heat 

exchanger) 
𝑚̇𝑠46ℎ𝑠46

= 𝑚̇𝑠47ℎ𝑠47 + 𝑄̇𝑜𝑢𝑡 

𝑚̇𝑠46𝑠𝑠46 +
𝑆̇𝑔𝑒𝑛 =

𝑚̇𝑠47𝑠𝑠47 +
𝑄̇𝑜𝑢𝑡

𝑇0
  

𝑚̇𝑠46𝑒𝑥𝑠46 =
𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

+

𝐸̇𝑥𝑑  

B31 (pump) 𝑚̇𝑠47ℎ𝑠47 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠48ℎ𝑠48  

𝑚̇𝑠47𝑠𝑠47 +
𝑆̇𝑔𝑒𝑛 = 𝑚̇𝑠48𝑠𝑠48  

𝑚̇𝑠47𝑒𝑥𝑠47 + 𝑊̇𝑖𝑛 =
𝑚̇𝑠48𝑒𝑥𝑠48 + 𝐸̇𝑥𝑑  

Pump 2 𝑚̇44ℎ44 + 𝑊̇𝑖𝑛 =
𝑚̇45ℎ45  

𝑚̇44𝑠44 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇45𝑠45  

𝑚̇44𝑒𝑥44 + 𝑊̇𝑖𝑛 =
𝑚̇45𝑒𝑥45 + 𝐸̇𝑥𝑑  

Filter 𝑚̇45ℎ45 = 𝑚̇46ℎ46  𝑚̇45𝑠45 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇46𝑠46  

𝑚̇45𝑒𝑥45 =
𝑚̇46𝑒𝑥46 + 𝐸̇𝑥𝑑  

3-way valve 𝑚̇46ℎ46 =
𝑚̇47ℎ47 + 𝑚̇51ℎ51  

𝑚̇46𝑠46 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇47𝑠47 + 𝑚̇51𝑠51  

𝑚̇46𝑒𝑥46 =
𝑚̇47𝑒𝑥47 +
𝑚̇51𝑒𝑥51 + 𝐸̇𝑥𝑑  

Throttle valve 1 𝑚̇51ℎ51 = 𝑚̇52ℎ52  𝑚̇51𝑠51 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇52𝑠52  

𝑚̇51𝑒𝑥51 =
𝑚̇52𝑒𝑥52 + 𝐸̇𝑥𝑑  

Chemical 

treatment 
𝑚̇47ℎ47 = 𝑚̇48ℎ48  𝑚̇47𝑠47 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇48𝑠48  

𝑚̇47𝑒𝑥47 =
𝑚̇48𝑒𝑥48 + 𝐸̇𝑥𝑑  

Pump 3 𝑚̇48ℎ48 + 𝑊̇𝑖𝑛 =
𝑚̇49ℎ49  

𝑚̇48𝑠48 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇49𝑠49  

𝑚̇48𝑒𝑥48 + 𝑊̇𝑖𝑛 =
𝑚̇49𝑒𝑥49 + 𝐸̇𝑥𝑑  

RO module 𝑚̇49ℎ49 = 𝑚̇50ℎ50  𝑚̇49𝑠49 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇50𝑠50  

𝑚̇49𝑒𝑥49 =
𝑚̇50𝑒𝑥50 + 𝐸̇𝑥𝑑  

Mixing chamber 𝑚̇50ℎ50 +
𝑚̇52ℎ52 = 𝑚̇53ℎ53  

𝑚̇50𝑠50 +
𝑚̇52𝑠52 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇53𝑠53  

𝑚̇50𝑒𝑥50 +
𝑚̇52𝑒𝑥52 =
𝑚̇53𝑒𝑥53 + 𝐸̇𝑥𝑑  

Throttle valve 2 𝑚̇53ℎ53 = 𝑚̇54ℎ54  𝑚̇53𝑠53 + 𝑆̇𝑔𝑒𝑛 =

𝑚̇54𝑠54  

𝑚̇53𝑒𝑥53 =
𝑚̇54𝑒𝑥54 + 𝐸̇𝑥𝑑  

 

𝑄̇𝑖𝑛 = 𝑄̇𝐵6 + 𝑄̇𝐵7 + 𝑄̇𝐵10 + 𝑄̇𝐵11 + 𝑄̇𝐵17 + 𝑄̇𝐵8 + 𝑄̇𝐵23 + 𝑄̇𝐵24 + 𝑄̇𝐵25  (4.36) 

The exergy efficiency of the thermochemical Cu-Cl cycle is as follows: 

𝜓𝐶𝑢−𝐶𝑙 =
𝑚̇𝐻2𝑒𝑥𝐻2

𝐸̇𝑥𝑄̇𝑖𝑛
+𝑊̇𝑒

         (4.37) 
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Table 0.5 The exergy destruction and the exergy efficiency of each component of third integrated 

system. The subscripts of components and streams refers to Figures 3.7, 3.8 and 3.9 and the 

subscripts for RO desalination unit refers to Figure 3.6. 

Component Exergy efficiency Exergy destruction 

rate 

B1 (heat 

exchanger) 
𝜓𝐵1 =

𝑚̇𝑠2𝑒𝑥𝑠2 + 𝑚̇𝑠4𝑒𝑥𝑠4 + 𝑚̇𝑠5𝑒𝑥𝑠5

𝑚̇𝑠1𝑒𝑥𝑠1 + 𝑚̇𝑠3𝑒𝑥𝑠3 + 𝑚̇𝑠10𝑒𝑥𝑠10
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠1𝑒𝑥𝑠1 +
𝑚̇𝑠3𝑒𝑥𝑠3 +
𝑚̇𝑠10𝑒𝑥𝑠10 −
(𝑚̇𝑠2𝑒𝑥𝑠2 +
𝑚̇𝑠4𝑒𝑥𝑠4 + 𝑚̇𝑠5𝑒𝑥𝑠5)  

B2 (turbine) 
𝜓𝐵2 =

𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠5𝑒𝑥𝑠5
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠5𝑒𝑥𝑠5 −
(𝑚̇𝑠7𝑒𝑥𝑠7 + 𝑊̇𝑜𝑢𝑡)  

B3 (heat 

exchanger) 𝜓𝐵3 =
𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠7𝑒𝑥𝑠7
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠7𝑒𝑥𝑠7 −
(𝑚̇𝑠9𝑒𝑥𝑠9 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B4 (pump 1) 
𝜓𝐵4 =

𝑚̇𝑠10𝑒𝑥𝑠10

𝑚̇𝑠9𝑒𝑥𝑠9 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠9𝑒𝑥𝑠9 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠10𝑒𝑥𝑠10  

B6 (heat 

exchanger) 
𝜓𝐵6 =

𝑚̇𝑠14𝑒𝑥𝑠14

𝑚̇𝑠13𝑒𝑥𝑠13 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠13𝑒𝑥𝑠13 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠14𝑒𝑥𝑠14  

B7 (heat 

exchanger) 
𝜓𝐵7 =

𝑚̇𝑠12𝑒𝑥𝑠12

𝑚̇𝑠11𝑒𝑥𝑠11 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠11𝑒𝑥𝑠11 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠12𝑒𝑥𝑠12  

B8 

(stoichiometric 

reactor) 

𝜓𝐵8 =
𝑚̇𝑠15𝑒𝑥𝑠15

𝑚̇𝑠14𝑒𝑥14 + 𝑚̇𝑠29𝑒𝑥29
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠14𝑒𝑥14 +
𝑚̇𝑠29𝑒𝑥29 −
𝑚̇𝑠15𝑒𝑥𝑠15  

B9 (separator) 
𝜓𝐵9 =

𝑚̇𝑠16𝑒𝑥𝑠16 + 𝑚̇𝑠17𝑒𝑥𝑠17

𝑚̇𝑠15𝑒𝑥𝑠15
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠15𝑒𝑥𝑠15 −
(𝑚̇𝑠16𝑒𝑥𝑠16 +
𝑚̇𝑠17𝑒𝑥𝑠17)  

B11 

(stoichiometric 

reactor) 

𝜓𝐵11 =
𝑚̇𝑠20𝑒𝑥𝑠20

𝑚̇𝑠12𝑒𝑥𝑠12 + 𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠12𝑒𝑥𝑠12 +
𝑚̇𝑠19𝑒𝑥𝑠19 + 𝐸̇𝑥𝑄̇𝑖𝑛

−

𝑚̇𝑠20𝑒𝑥𝑠20  

 

B12 

(separator) 
𝜓𝐵12 =

𝑚̇𝑠21𝑒𝑥𝑠21 + 𝑚̇𝑠22𝑒𝑥𝑠22

𝑚̇𝑠20𝑒𝑥𝑠20
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠20𝑒𝑥𝑠20 −
(𝑚̇𝑠21𝑒𝑥𝑠21 +
𝑚̇𝑠22𝑒𝑥𝑠22)  

B13 (heat 

exchanger) 𝜓𝐵13 =
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠22𝑒𝑥𝑠22
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠22𝑒𝑥𝑠22 −
(𝑚̇𝑠24𝑒𝑥𝑠24 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B14 

(stoichiometric 

reactor) 

𝜓𝐵14 =
𝑚̇𝑠25𝑒𝑥𝑠25

𝑚̇𝑠18𝑒𝑥𝑠18 + 𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠24𝑒𝑥𝑠24 + 𝑊̇𝑒 −
𝑚̇𝑠25𝑒𝑥𝑠25  

B15 (heat 

exchanger) 𝜓𝐵15 =
𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠17𝑒𝑥𝑠17
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠17𝑒𝑥𝑠17 −
(𝑚̇𝑠18𝑒𝑥𝑠87 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  



69 

 

B16 

(separator) 
𝜓𝐵16 =

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑚̇𝑠27𝑒𝑥𝑠27

𝑚̇𝑠25𝑒𝑥𝑠25
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠25𝑒𝑥𝑠25 −
(𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑚̇𝑠27𝑒𝑥𝑠27)  

B17 (heat 

exchanger) 
𝜓𝐵17 =

𝑚̇𝑠28𝑒𝑥𝑠28

𝑚̇𝑠27𝑒𝑥𝑠27 + 𝐸̇𝑥𝑄̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠27𝑒𝑥𝑠27 +
𝐸̇𝑥𝑄̇𝑖𝑛

− 𝑚̇𝑠28𝑒𝑥𝑠28  

B18  

(Dryer) 
𝜓𝐵18 =

𝑚̇𝑠29𝑒𝑥𝑠29 + 𝑚̇𝑠30𝑒𝑥𝑠30

𝑚̇𝑠28𝑒𝑥𝑠28
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠28𝑒𝑥𝑠28 −
(𝑚̇𝑠29𝑒𝑥𝑠29 +
𝑚̇𝑠30𝑒𝑥𝑠30)  

B20  

(compressor 1) 
𝜓𝐵20 =

𝑚̇𝑠31𝑒𝑥𝑠31

𝑚̇𝑠26𝑒𝑥𝑠26 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠26𝑒𝑥𝑠26 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠31𝑒𝑥𝑠31  

B21  

(compressor 1) 
𝜓𝐵21 =

𝑚̇𝑠34𝑒𝑥𝑠34

𝑚̇𝑠33𝑒𝑥𝑠33 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠33𝑒𝑥𝑠33 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠34𝑒𝑥𝑠34  

B22  

(compressor 1) 
𝜓𝐵22 =

𝑚̇𝑠37𝑒𝑥𝑠37

𝑚̇𝑠36𝑒𝑥𝑠36 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠36𝑒𝑥𝑠36 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠37𝑒𝑥𝑠37  

B23 (heat 

exchanger) 𝜓𝐵23 =
𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠31𝑒𝑥𝑠31
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠31𝑒𝑥𝑠31 −
(𝑚̇𝑠33𝑒𝑥𝑠33 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B24 (heat 

exchanger) 𝜓𝐵24 =
𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠34𝑒𝑥𝑠34
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠34𝑒𝑥𝑠34 −
(𝑚̇𝑠36𝑒𝑥𝑠36 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B25 (heat 

exchanger) 𝜓𝐵25 =
𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠37𝑒𝑥𝑠37
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠37𝑒𝑥𝑠37 −
(𝑚̇𝑠39𝑒𝑥𝑠39 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B26 (heat 

exchanger) 
𝜓𝐵26

=
𝑚̇𝑠18𝑒𝑥𝑠18 + 𝑚̇𝑠41𝑒𝑥𝑠41 + 𝑚̇𝑠43𝑒𝑥𝑠43 + 𝑚̇𝑠45𝑒𝑥𝑠45

𝑚̇𝑠17𝑒𝑥𝑠17 + 𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑚̇𝑠48𝑒𝑥𝑠48
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠17𝑒𝑥𝑠17 +
𝑚̇𝑠42𝑒𝑥𝑠42 +
𝑚̇𝑠44𝑒𝑥𝑠44 +
𝑚̇𝑠48𝑒𝑥𝑠48 −
(𝑚̇𝑠18𝑒𝑥𝑠18 +
𝑚̇𝑠41𝑒𝑥𝑠41 +
𝑚̇𝑠43𝑒𝑥𝑠43 +
𝑚̇𝑠45𝑒𝑥𝑠45)  

B27  

(Turbine 1) 𝜓𝐵27 =
𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠41𝑒𝑥𝑠41
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠41𝑒𝑥𝑠41 −
(𝑚̇𝑠42𝑒𝑥𝑠42 + 𝑊̇𝑜𝑢𝑡)  

B28  

(Turbine 2) 𝜓𝐵28 =
𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠43𝑒𝑥𝑠43
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠43𝑒𝑥𝑠43 −
(𝑚̇𝑠44𝑒𝑥𝑠44 + 𝑊̇𝑜𝑢𝑡)  

B29  

(Turbine 3) 𝜓𝐵29 =
𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡

𝑚̇𝑠45𝑒𝑥𝑠45
 

𝐸̇𝑥𝑑 = 𝑚̇𝑠45𝑒𝑥𝑠45 −
(𝑚̇𝑠46𝑒𝑥𝑠46 + 𝑊̇𝑜𝑢𝑡)  

B30 (heat 

exchanger) 𝜓𝐵30 =
𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

𝑚̇𝑠46𝑒𝑥𝑠46
 

𝐸̇𝑥𝑑 =
𝑚̇𝑠46𝑒𝑥𝑠46 −
(𝑚̇𝑠47𝑒𝑥𝑠47 + 𝐸̇𝑥𝑄̇𝑜𝑢𝑡

)  

B31 (pump) 
𝜓𝐵31 =

𝑚̇𝑠48𝑒𝑥𝑠48

𝑚̇𝑠47𝑒𝑥𝑠47 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇𝑠47𝑒𝑥𝑠47 +
𝑊̇𝑖𝑛 − 𝑚̇𝑠48𝑒𝑥𝑠48  

Pump 2 
𝜓𝑃𝑢𝑚𝑝 2 =

𝑚̇45𝑒𝑥45

𝑚̇44𝑒𝑥44 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇44𝑒𝑥44 +
𝑊̇𝑖𝑛 − 𝑚̇45𝑒𝑥45  
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Filter 
𝜓𝐹𝑖𝑙𝑡𝑒𝑟 =

𝑚̇46𝑒𝑥46

𝑚̇45𝑒𝑥45
 

𝐸̇𝑥𝑑 = 𝑚̇45𝑒𝑥45 −
𝑚̇46𝑒𝑥46  

3-way valve 
𝜓3−𝑤𝑎𝑦 𝑣𝑎𝑙𝑣𝑒 =

𝑚̇47𝑒𝑥47 + 𝑚̇51𝑒𝑥51

𝑚̇46𝑒𝑥46
 

𝐸̇𝑥𝑑 = 𝑚̇46𝑒𝑥46 −
(𝑚̇47𝑒𝑥47 + 𝑚̇51𝑒𝑥51)  

Throttle valve 

1 
𝜓𝑇ℎ 𝑣𝑎𝑙𝑣𝑒 1 =

𝑚̇52𝑒𝑥52

𝑚̇51𝑒𝑥51
 

𝐸̇𝑥𝑑 = 𝑚̇51𝑒𝑥51 −
𝑚̇52𝑒𝑥52  

Chemical 

treatment 
𝜓𝐶ℎ𝑒𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 =

𝑚̇48𝑒𝑥48

𝑚̇47𝑒𝑥47
 

𝐸̇𝑥𝑑 = 𝑚̇47𝑒𝑥47 −
𝑚̇48𝑒𝑥48  

Pump 3 
𝜓𝑃𝑢𝑚𝑝 3 =

𝑚̇𝑠49𝑒𝑥𝑠49

𝑚̇𝑠48𝑒𝑥𝑠48 + 𝑊̇𝑖𝑛

 
𝐸̇𝑥𝑑 = 𝑚̇48𝑒𝑥48 +
𝑊̇𝑖𝑛 − 𝑚̇49𝑒𝑥49  

RO module 
𝜓𝑅𝑂 𝑚𝑜𝑑𝑢𝑙𝑒 =

𝑚̇50𝑒𝑥50

𝑚̇49𝑒𝑥49
 

𝐸̇𝑥𝑑 = 𝑚̇49𝑒𝑥49 −
𝑚̇50𝑒𝑥50  

Mixing 

chamber 
𝜓𝑀𝑖𝑥𝑖𝑛𝑔 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =

𝑚̇53𝑒𝑥53

𝑚̇50𝑒𝑥50 + 𝑚̇52𝑒𝑥52
 

𝐸̇𝑥𝑑 = 𝑚̇50𝑒𝑥50 +
𝑚̇52𝑒𝑥52 − 𝑚̇53𝑒𝑥53  

Throttle valve 

2 
𝜓𝑇ℎ 𝑣𝑎𝑙𝑣𝑒 2 =

𝑚̇54𝑒𝑥54

𝑚̇53𝑒𝑥53
 

𝐸̇𝑥𝑑 = 𝑚̇53𝑒𝑥53 −
𝑚̇54𝑒𝑥54  

 

𝐸̇𝑥𝑄̇𝑖𝑛
= 𝐸̇𝑥𝑄̇𝐵6

+ +𝐸̇𝑥𝑄̇𝐵7
+ 𝐸̇𝑥𝑄̇𝐵10

+ 𝐸̇𝑥𝑄̇𝐵11
+ 𝐸̇𝑥𝑄̇𝐵17

+ 𝐸̇𝑥𝑄̇𝐵8
+ 𝐸̇𝑥𝑄̇𝐵23

+ 𝐸̇𝑥𝑄̇𝐵24
+

𝐸̇𝑥𝑄̇𝐵25
           (4.38) 

The energy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜂𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(27)+𝑊̇𝑇𝑢𝑟𝑏(28)+𝑊̇𝑇𝑢𝑟𝑏(29)

𝑚̇𝑆17(ℎ𝑆18−ℎ𝑆17)
      (4.39) 

The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows: 

𝜓𝑀𝑆𝑅𝐶 =
𝑊̇𝑇𝑢𝑟𝑏(27)+𝑊̇𝑇𝑢𝑟𝑏(28)+𝑊̇𝑇𝑢𝑟𝑏(29)

𝑚̇𝑆17(𝑒𝑥𝑆18−𝑒𝑥𝑆17)
      (4.40) 

The additional heat flow from the condenser is used for the heat output which can be 

expressed by the relation: 

𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = 𝑚̇38(ℎ58 − ℎ57)        (4.41) 

The subscripts of components and stream names for reverse osmosis desalination system 

refers to the Figure 3.6. The energy and exergy efficiencies of reverse osmosis desalination 

unit included in integrated system 3 can be written as [87] 

𝜂𝑅𝑂 =
𝑚̇𝑓𝑤ℎ𝑓𝑤

𝑊̇𝑖𝑛,𝑅𝑂+𝑚̇𝑠𝑤ℎ𝑠𝑤
         (4.42) 
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𝑊̇𝑖𝑛,𝑅𝑂 = 𝑊̇𝑝𝑢𝑚𝑝2 + 𝑊̇𝑝𝑢𝑚𝑝3        (4.43) 

𝜓𝑅𝑂 =
𝑚̇𝑓𝑤𝑒𝑥𝑓𝑤

𝑊̇𝑖𝑛,𝑅𝑂+𝑚̇𝑠𝑤𝑒𝑥𝑠𝑤
        (4.44) 

In the equations mentioned above, fw represents fresh water, sw represents sea water and 

Win,RO represents the total work of two pumps. 

The overall energy efficiency of the hydrogen integrated system 3 can be written as: 

𝜂𝑜𝑣 =
𝑚̇𝐻2𝐿𝐻𝑉𝐻2+𝑊̇𝑛𝑒𝑡+𝑚̇𝑓𝑤ℎ𝑓𝑤+𝑄̇ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑄̇𝑆1+𝑚̇𝑠𝑤ℎ𝑠𝑤
       (4.45) 

The overall exergy efficiency of the third system is given as follows: 

𝜓𝑜𝑣 =
𝑚̇𝐻2𝑒𝑥𝐻2+𝑊̇𝑛𝑒𝑡+𝑚̇𝑓𝑤𝑒𝑥𝑓𝑤+𝐸̇𝑥𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔

𝑄̇𝑆1+𝑚̇𝑠𝑤𝑒𝑥𝑠𝑤
       (4.46) 

𝑊̇𝑛𝑒𝑡 = 𝑊̇𝑇𝑢𝑟𝑏(𝐵2) + 𝑊̇𝑇𝑢𝑟𝑏(𝐵27) + 𝑊̇𝑇𝑢𝑟𝑏(28) + 𝑊̇𝑇𝑢𝑟𝑏(29) − 𝑊̇𝑒 − 𝑊̇𝑐𝑜𝑚𝑝1 − 𝑊̇𝑐𝑜𝑚𝑝2 −

𝑊̇𝑐𝑜𝑚𝑝3 − 𝑊̇𝑝𝑢𝑚𝑝 𝐵4 − 𝑊̇𝐵31 − 𝑊̇𝑝𝑢𝑚𝑝2 − 𝑊̇𝑝𝑢𝑚𝑝3     (4.47) 
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Chapter 5: Results and Discussion 

 

The results of the simulation, thermodynamic analysis and the design of the three proposed 

integrated hydrogen production system utilizing industrial waste heat are presented in this 

chapter. In this chapter, each hydrogen production system consists of separate section 

including specific results. 

5.1 System 1 results 

The energy and exergy analysis is conducted on the proposed hydrogen production system 

1 and results of thermodynamic analysis and simulation are described in this chapter. 

Aspen Plus software is used to calculate all stream properties and excel calculations are 

conducted for other performance parameters like energy and exergy efficiencies, chemical 

exergies and exergy destruction rates. The major results containing energy and exergy 

efficiencies, operational requirements of system and exergy destruction rates are presented 

in this section. Hydrogen production specifications like production rate, production 

temperature and production pressure and the overall efficiencies of system 1 are tabulated 

in Table 5.1. 

 

Figure 5.1 Exergy destruction of the components in the Cu-Cl hydrogen production cycle in 

system 1 (component names referenced in Figures 3.2 and 3.3). 
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 Table 5.1 describes the major parameters like energy and exergy efficiency, exergy 

destruction rate, produced work rate and produced hydrogen specification. The overall 

energy efficiency of the second system is 39.8% and the exergy efficiency is calculated as 

40.5%. 

Table 5.1 Results of hydrogen production system 1 

Parameter Value Unit 

Flue gas flow rate 9.21 kg/s 

Work rate 1.326 MW 

Hydrogen production rate 64.8 kg/h 

Hydrogen production pressure 750 Bar 

Hydrogen production temperature 25  ℃ 

Energy efficiency 39.8 % 

Exergy efficiency 40.5 % 

 

 The exergy destruction rates of the hydrogen production Cu-Cl cycle included in 

system 1 are presented in Figure 5.1. The maximum destruction rate take place in 

decomposition reactor B11 and the second highest destruction rate occurs in electrolyzer 

B14 and exergy destruction of other components are also presented. 

 

Figure 5.2 Exergy destruction of components other than the Cu-Cl cycle. 
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Figure 5.3 Exergy efficiency and exergy destruction rates of work producing and consuming 

devices. 

 

Figure 5.4 Exergy destruction rates and work rate of work producing and consuming devices. 
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 The exergy destructions of the components other then copper chlorine cycle are 

presented in Figure 5.2. The maximum exergy destruction rate takes place in the third 

intercooler B25 and the second highest exergy destruction rate occurs in pump B4 because 

of the high flow rate. Exergy destruction rates of other components are also presented in 

the Figure. 

 Figure 5.3 describes the exergy efficiencies and exergy destruction rates of the work 

producing or consuming devices included in hydrogen production system 1. The maximum 

exergy efficiency belongs to the third compressor B22 which is 93% and maximum exergy 

destruction takes place in pump B4 due to the high flow rate of water. Exergy efficiencies 

and exergy destruction rates of other components are also drawn in the Figure 5.3. 

 

Figure 5.5 Effect of water mass flow rate on turbine inlet stream temperature and work produced 

by the turbine. 

The work rate and the exergy destruction rates of the work producing or consuming devices 

in hydrogen production system 1 are compared in Figure 5.4. The maximum work rate is 

consumed by the third compressor B20 because of its high compression ratio and maximum 
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exergy destruction take place in B4 pump. All the work producing and consuming devices 

belonging to the system 1 are compared with respect to work rates and exergy destructions. 

 Different parametric studies are conducted on the system by varying different 

factors. The Figure 5.5 represents the effect of water flow rate on turbine work and turbine 

inlet temperature. With the increase in water mass flow rate, pump will be required to deal 

with higher flow rate and due to higher flow rate, the turbine inlet temperature will 

decrease. This decrease in the turbine inlet temperature will result in the reduction of 

turbine power as well. 

 

Figure 5.6 Effect of flow rate of flue gas on different parameters like turbine work, heat duty, 

turbine inlet temperature and exit stream flow rate. 

 Figure 5.6 represents the effect of flue gas flow rate on various parameters of the 

system like turbine work, heat duty, turbine inlet temperature and exit stream flow rate. By 

increasing the mass flow rate of flue gas coming from steel furnace, the flow rate of outlet 

stream S2 also increases simultaneously. The increase in flow rate of flue gas will impact 

on the heat duty associated with this stream and it will increase the heat duty. By increasing 

the mass flow rate, the inlet temperature of the turbine increase which results in increase 
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turbine power. So as a result, with the increase in flue gas flow rate, all four parameters 

turbine work, heat duty, turbine inlet temperature and exit stream flow rate will increase 

and it can be seen from the Figure 5.6.  

 The effect of water flow rate which in being circulated in the Rankine cycle as 

working fluid is plotted against the turbine power and pump work in Figure 5.7. As the 

mass flow rate of water will increase, the pump will be required to deal with higher flow 

rate. This higher flow rate will enhance the work associated with it. And with the increase 

in mass flow rate, turbine inlet temperature will decrease and this reduction in turbine inlet 

temperature will result in reduced turbine power. In the Figure 5.7, we can clearly see that 

with the increase in the flow rate of water which is circulating in the Rankine cycle, the 

work associated with the pump B4 increase while on the contrary, the power associated 

with the turbine decreases. 

 The Figure 5.8 represents the effect of variation in flue gas temperature on other 

parameters like turbine work, heat duty and turbine inlet temperature. As the temperature 

of the flue gas increases, the heat duty associated with that stream also increases and graph 

represents this increase. As the flue gas temperature will increased, heat transferred to the 

Rankine cycle from heat exchanger B1 also increase. The increased heat transfer results in 

increasing the temperature of turbine inlet stream S5 and this increased temperature results 

in increasing the turbine power. Thus the Figure 5.8 is representing the impact of flue gas 

temperature on heat duty associated with the same stream, the temperature of stream S5 

which is entering into the turbine B2 and the power associated with the turbine. So with 

the increase in flue gas temperature, all these three factors increases. 

 The parametric study conducted in Figure 5.9 the effect of number of moles of H2O 

entering into the heat exchange B1 associated with the Cu-Cl cycle on the heat duty of the 

same stream and the turbine power. Two mole of H2O produces one mole of hydrogen so 

it is studied that how heat is increasing by increasing the moles of H2O which increases the 

hydrogen production. As the number of moles of H2O increases, the heat duty associated 

with that stream starts increasing and the increased heat duty of this stream will reduce the 

heat duty associated with the Rankine cycle stream and it results in decreasing the turbine 

power. 
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Figure 5.7 Water flow rate of Rankine cycle plotted against the pump work and turbine power. 

 

Figure 5.8 Effect of flue gas temperature on turbine inlet temperature, turbine work and heat 

duty. 
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Figure 5.9 Number of moles of water plotted against the heat duty of water steam and turbine 

work. 

 Figure 5.10 represents the effect of number of moles on the heat duty of the same 

stream and turbine inlet temperature. By increasing the number of moles of H2O, the heat 

duty associated with the same stream increases. This increased heat duty results in 

decreasing the heat duty of the stream associated with the Rankine cycle and reduced heat 

duty of the stream associated with the Rankine cycle results in decreasing the turbine inlet 

temperature which further reduces turbine power as well. 

 The increase in number of moles of H2O results in increased hydrogen production 

because two moles of H2O produces one mole of hydrogen. The Figure 5.11 represents the 

effects of increased water flow rate for increasing hydrogen production on turbine inlet 

temperature, heat duty associated with the same stream leading towards Cu-Cl cycle and 

turbine power. 

 The energy and exergy efficiencies of the subsystems of the proposed system 1 are 

presented in Figure 5.12. The energy efficiency of the Rankine cycle in system 1 is 20.4% 

and exergy efficiency is 23.1%. The energy efficiency of Cu-Cl cycle is 40.4% and the 
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exergy efficiency is 41.4 %. The energy efficiency of the multistage reheat Rankine cycle 

is 34.5% and exergy efficiency is 38.1%. 

 

Figure 5.10 Number of moles of H2O plotted against the heat duty and inlet turbine temperature. 

 

Figure 5.11 Effect of water flow rate associated with the Cu-Cl cycle on the heat duty of the 

same stream, turbine inlet temperature and turbine work. 
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Figure 5.12 Energy and exergy efficiencies of the main subsystems of proposed system 1. 

5.2 System 2 results 

In this section, the energy and exergy analysis is performed on the proposed hydrogen 

production system 2 and results of thermodynamic analysis and simulation are described. 

The reference conditions are taken as 25 ℃ temperature and 1 atm pressure. Aspen Plus 

software is used to calculate all stream properties and excel calculations are conducted for 

other performance parameters like energy and exergy efficiencies, chemical exergies and 

exergy destruction rates. The major results containing energy and exergy efficiencies, 

operational requirements of system and exergy destruction rates are presented in this 

section. Hydrogen production specifications like production rate, production temperature 

and production pressure and the overall efficiencies of system 2 are tabulated in Table 5.2. 

 Table 5.2 describes the major parameters like energy and exergy efficiency, exergy 

destruction rate, produced work rate and produced hydrogen specification. The overall 

energy efficiency of the second system is 32.7% and the exergy efficiency is calculated as 

32%. 
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Table 5.2 Major results of the hydrogen production system 2 from cement industrial waste heat. 

Parameter Value Unit 

Hydrogen production pressure 750 Bar 

Hydrogen production temperature 25  ℃ 

Flue gas flow rate 31.71 kg/s 

Hydrogen production rate 140.8 kg/h 

Energy efficiency 32.7 % 

Exergy efficiency 32 % 

 

 Various parametric studies are conducted on integrated system 2 in order to see the 

effect of different variables on the system. Figure 5.13 represents the exergy destruction 

rates associated with the Cu-Cl cycle components existing in the second proposed 

hydrogen production system. The maximum exergy destruction rate takes place in 

decomposition reactor B5. The second highest exergy destruction rate occurs in 

electrolyzer B9 and exergy destruction rates of other components are also presented in the 

Figure 5.13. 

 

Figure 5.13 Exergy destruction rates of the components including the Cu-Cl cycle (component 

names referenced in Figure 3.5). 
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in the third intercooler B25 and the second highest exergy destruction rate occurs in the 

third compressor B22. The exergy destruction rates of the other components are also 

presented in Figure 5.14. 

 The exergy efficiency and the work rates of the work producing and consuming 

devices including in system 2 are plotted in Figure 5.15. All the components which are 

either producing or consuming the work, are included in this bar chart. The third 

compressor B22 has the maximum exergy efficiency and the maximum work rate is also 

produced by the same compressor B22 because of high compression ratio. The second 

compressor B21 carries the second highest exergy efficiency and also the second highest 

work rate is presented by the same component.  

 Figure 5.16 shows the plot of exergy destruction rate, work rate and exergy 

efficiency of all the work producing and consuming devices in system 2. The maximum 

exergy destruction rate, work rate and exergy efficiency occurs in third compressor B22. 

 The second top exergy destruction rate, work rate and exergy efficiency take place 

in the second compressor B21. The exergy efficiency, work rates and exergy destruction 

rates are also included in Figure 5.16. 

 

Figure 5.14 Exergy destruction rates of the components other than the Cu-Cl cycle. 
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Figure 5.15 Exergy efficiency and work rates of work producing and work consuming devices in 

system 2. 

 

Figure 5.16 Exergy destruction rates, work rates and exergy efficiencies of work producing or 

consuming devices in system 2. 
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 The stream S3 contains the water which is used in hydrogen production Cu-Cl cycle 

and stream S26 contains CuCl2 which reacts with water in hydrolysis reactor B2. 

According to the hydrogen production Cu-Cl cycle, two mole of water are required to 

produce one mole of hydrogen. So production of hydrogen and oxygen is plotted against 

the flow rate of water and cupric chloride which is provided in Cu-Cl cycle in Figure 5.17. 

The energy efficiency of the hydrogen production Cu-Cl cycle is 40.396% and the exergy 

efficiency is calculated as 41.48%. 

 The turbine work and pump work of the Rankine cycle are plotted against the water 

flow rate of the Rankine cycle. Figure 18 shows the effect of the water flow rate on the 

turbine work and pump work. As the water flow rate increases, the turbine work starts 

decreasing, and at the same time, the pump work increases because the pump must deal 

with a high flow rate with a required high work input. So with an increase in the water flow 

rate, the power produced by the turbine decreases, while the work consumed by the pump 

continues to increases. 

 

Figure 5.17 Production of hydrogen and oxygen with respect to the water and CuCl2 flow rates. 
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 The water flow rate is plotted against the heat duty of water stream and number of 

moles of hydrogen produced in Figure 5.19. The water flow rate is chosen from 2 to 40 

moles per second. The hydrogen production of proposed system 2 is 19.547 mol/s and for 

this much hydrogen production, double moles of water is required to be supplied to the 

hydrogen production Cu-Cl cycle. So the number of moles of hydrogen produced is half of 

the water supplied to the Cu-Cl cycle according to the balanced reaction equation. Figure 

5.19 shows that with the increase in the flow rate of water, heat duty associated with the 

same stream increases and number of moles of hydrogen produced is also increased at the 

same time. 

 

Figure 5.18 Effects of water flow rate on turbine and pump power. 

 The turbine work and the pump work of Rankine cycle is plotted against the water 

flow rate of the Rankine cycle. Figure 5.20 represents the effect of water flow rate on the 

turbine work and pump work. As the water flow rate starts increasing, the turbine work 

starts decreasing and at the same time, pump work start increasing because pump has to 

deal with high flow rate which required high work input. So with the increase in water flow 

rate, the power produced by the turbine keep on decreasing while on the opposite side, the 

work consumed by the pump keep on increasing. 
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Figure 5.19 Water flow rate plotted against the heat duty of water stream and number of moles of 

hydrogen produced. 

 

Figure 5.20 Plot of turbine work and pump work of Rankine cycle against the water flow rate. 
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 The energy and exergy efficiencies of the major subsystems of proposed system 2 

are shown in Figure 5.21. The energy efficiency of Cu-Cl cycle is 40.4% and the exergy 

efficiency is 41.46%. The energy efficiency of multistage reheat Rankine cycle is 34.78% 

and exergy efficiency is 38.19%. 

 

Figure 5.21 Energy and exergy efficiencies of the main subsystems of proposed system 2. 

5.3 System 3 results 

The energy and exergy analyses is performed on the proposed hydrogen production system 

3 and results of thermodynamic analysis and simulation are described in this section. The 

ambient conditions are taken as 25 ℃ temperature and 1 atm pressure. Some excel 

calculations are conducted for measuring performance parameters like energy and exergy 

efficiencies, chemical exergies and exergy destruction rates. The major results containing 

energy and exergy efficiencies, operational requirements of system and exergy destruction 

rates are presented in this section. Hydrogen production specifications like production rate, 

production temperature and production pressure and the overall efficiencies of system 3 

are tabulated in Table 5.3. The overall energy efficiency of the second system is 48.6% and 

exergy efficiency is calculated as 40.5%. 

30

32

34

36

38

40

42

Energy efficiency (%) Exergy efficiency (%)

Ef
fi

ci
en

cy
 (

%
)

Cu-Cl cycle Reheat Rankine cycle



89 

 

 Table 5.3 describes the major parameters like energy and exergy efficiency, exergy 

destruction rate, produced work rate and produced hydrogen specification. 

 The exergy destruction rates of hydrogen production Cu-Cl cycle included in 

proposed system 3 are plotted in Figure 5.22. The maximum exergy destruction rate exists 

in decomposition reactor B11. The second highest exergy destruction rate occurs in the 

electrolyzer B14. The exergy destruction rates of other components included in Cu-Cl cycle 

are also plotted in Figure 5.22. 

Table 5.3 The performance parameters of proposed hydrogen production system 3. 

Parameter Value Unit 

Exhaust gas flow rate 6.366 kg/s 

Work rate 1.811 MW 

Hydrogen production pressure 750 Bar 

Hydrogen production temperature 25  ℃ 

Hydrogen production rate 43.2 kg/h 

Energy efficiency 48.6 % 

Exergy efficiency 40.2 % 

 

 The exergy destruction rates of the components other then hydrogen production 

Cu-Cl cycle are plotted separately. In Figure 5.23, the exergy destruction rates of the 

components except Cu-Cl cycle are described. The highest exergy destruction rate takes 

place in pump B4 because of the high flow rate of water. The second highest exergy 

destruction rate occurs in third intercooler B25. The third highest exergy destruction rates 

takes place in the third compressor B22. The exergy destruction rates of the other 

components are also described in Figure 5.23. 

 The work producing or consuming devices are investigated separately on the basis 

of their work rates and exergy destruction rates. In Figure 5.24, the work rates and the 

exergy destruction rates of work producing or consuming devices are compared. The 

maximum work rate is consumed in the pump B4 and the maximum exergy destruction 

rate also occurs in the same components. The second highest work rate consumed by the 

third compressor B22 and the reason behind high work rate is its high compression ratio. 

The maximum exergy destruction rate also belongs to the same component B22. The 
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exergy destruction rates and work rates of other work producing or consuming devices are 

also plotted in Figure 5.24. 

 

Figure 5.22 Exergy destruction rates of components included in hydrogen production Cu-Cl 

cycle (component names referenced in Figures 3.7. 3.8 and 3.9). 

 

Figure 5.23 Exergy destruction rates of components excluding the Cu-Cl cycle. 
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Figure 5.24 Eork rates and exergy destruction rates comparison of work producing and 

consuming devices in system 3. 
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Figure 5.25 Heat duty and the turbine power plotted against the input water flow rate. 

 

Figure 5.26 Turbine inlet temperature and turbine work plotted against the input water flow rate. 
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 The effect of change in water flow rate in Rankine cycle on some other parameters 

is studied. The variation in turbine work, turbine inlet temperature and turbine inlet mass 

flow is plotted against the water flow rate in Figure 5.27. The graph presents that with the 

increase in water flow rate, the inlet temperature of turbine decreases in a proper sequence 

and turbine inlet mass flow increases simultaneously with increase in water flow rate. As 

the turbine inlet temperature increases, it results in the increased turbine power. So Figure 

5.27 presents the impact of water flow rate on three different parameters and it can be seen 

clearly that with the increase in water flow rate, the turbine inlet temperature and turbine 

power decrease while turbine inlet mass flow increases. 

 Figure 5.28 shows a parametric study by varying the flue gas flow rate and to see 

its effect on the heat duty and outlet stream temperature. As the flue gas flow rate will 

increase, the heat duty will increase simultaneously in a proper sequence. The increase heat 

duty results in increasing the outlet stream temperature as well. This outlet stream is the 

same which enters into the turbine. 

 

Figure 5.27 Effect of water mass flow rate on turbine work, turbine inlet temperature and turbine 

inlet mass flow rate. 
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Figure 5.28 Effect of flue gas flow rate on heat duty and outlet stream temperature. 

 In Figure 5.29, the flue gas flow rate is plotted against the turbine work and heat 

duty. With the increase in flue gas flow rate, the heat duty of the stream increases 

simultaneously. And as the heat duty associated with the turbine inlet stream increases, this 

increased heat duty result in the increased turbine power. So as a result, when heat duty 

increases with the increase in flue gas flow rate, the turbine work also increases and it can 

be seen clearly from the Figure 5.29. 

 The turbine work rate, heat duty of water inlet stream and turbine inlet temperature 

are studied by varying the ambient water temperature. Figure 5.30 represents the effects of 

ambient temperature on the turbine work rate, heat duty and turbine inlet temperature. With 

the increase in ambient temperature, the heat duty associated with the stream leading 

towards the Cu-Cl cycle decreases and the reason behind it is when water will be introduced 

at high temperature, it will absorb less amount of heat. This decrease in heat duty results 

in the increase in the heat duty of the stream associated with the Rankine cycle. So the 

turbine inlet temperature increases with the increase in ambient temperature which causes 

the turbine work to increase which can be seen from the Figure. 
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Figure 5.29 Flue gas flow rate plotted again the heat duty and turbine work rate. 

 

Figure 5.30 Effect of ambient water temperature on turbine work, heat duty and turbine inlet 

temperature. 



96 

 

 For multistage reheat Rankine cycle, several parametric studies are conducted in 

order to consider the effect of different variables on the system. In Figure 5.31, the total 

turbine work rate and heat duty of the inlet stream from block B26 is plotted against the 

inlet temperature of hydrogen chloride gas. Figure 5.32 shows that with the increase in 

inlet temperature, total turbine work and heat duty both increases continuously. The total 

turbine work is the summation of all three turbines B27, B28 and B29 included in 

multistage reheat Rankine cycle.  

 The effect of input flow rate of hydrogen chloride gas is also studied. Figure 5.30 

shows the effect of input flow rate of HCl gas on the heat duty and total work rates of the 

turbines. With increase in the mass flow rate of HCl gas, the heat duty of respective stream 

in block B26 increases and total work rate from turbines also increases continuously. The 

total work rate is representing the sum of the work rates of all three turbine of multistage 

reheat Rankine cycle. 

 

Figure 5.31 Effect on inlet temperature of HCl on total work rate of turbines and heat duty. 
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Figure 5.32 Effect of input flow rate on the heat duty and turbine work rate. 
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in water flow rate, the work rates of first and second turbine keeps on increasing in a proper 

sequence and work rate of the third turbine reduces a bit in the proper sequence. The work 

rate consumed by the pump keep on increasing continuously because when pump will be 

required to operate with high flow rate, it consumes more amount of work. 

 Stream S3 contains water and this stream leads towards hydrogen production Cu-

Cl cycle. The number of moles of water entering from this stream will be effecting the 

hydrogen production because cycle shows that two moles of water are required to produce 

one mole of hydrogen. So the effect of water flow rate is studied on different parameters 

like work rate, heat duty and turbine inlet temperature and presented in Figure 5.36. By 

increasing the water flow rate, turbine inlet temperature decreases and this decreased 

temperature then results in decreasing the turbine work rate. While heat duty increases with 

the increase in the water flow rate because more water will absorb more heat and Cu-Cl 

cycle will also require more heat for higher hydrogen production. 

 

Figure 5.33 Comparison of specific work rates of desalination pumps with a previous study [87]. 
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Figure 5.34 Comparison of energy and exergy efficiencies of reverse osmosis desalination unit 

with previous study. 

 

Figure 5.35 Effect of water flow rate on the turbine work rate and consumed work rate of pump. 
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 The reverse osmosis unit integrated with the proposed system 3 is designed to 

produce 17.4 kg/s of fresh water having the salinity of 450 PPM and the salinity of sea 

water is 35000 PPM [88] and to achieve 17.4 kg/s of fresh water, 29 kg/s of sea water is 

supplied through the condenser. With this mass flow rate, fresh water can be supplied to a 

community of 1500 houses. The pressure of low pressure pump (pump 2) is set as 650 kPa 

and pressure of high pressure pump (pump 3) is provided as 6000 kPa [89]. The membrane 

recovery ratio is taken as 60% and to operate this mass flow rate, low pressure turbine 

consumes 18.42 kW of work and high pressure turbine absorbs 181 kW of work. Some 

parametric studies are conducted on the reverse osmosis desalination unit to see the 

variations with changing some parameters. 

 

Figure 5.36 Variation in work rate, heat duty and turbine inlet temperature with respect to the 

water flow rate. 
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 Figure 5.37 shows the effect of sea water temperature on low pressure and high 

pressure work rates. With the increase in sea water temperature, work rate of low pressure 

pump as well as work rate of high pressure pump increase continuously. The effect of 

pumps efficiency also effect the pump work rate. The Figure 5.38 represents the effect of 

pump efficiency on low pressure and high pressure pump work rates. Graph shows that 

with increase in the pump efficiency, the work rate consumption of both low pressure and 

high pressure pump decreases. 

 The work of the low pressure and high pressure pump included in reverse osmosis 

desalination unit highly depends upon the flow rate they deal with. In Figure 5.39, the work 

rates of low pressure and high pressure pump are plotted against the fresh water flow rate. 

The red line plotted in the graphs represents to the low pressure work with respect to the 

left side axis while blue line represents the work rate of high pressure pump with respect 

to the right axis. The work rates of both low pressure and high pressure pump increase 

continuously with increase in fresh water flow rate. 

 

Figure 5.37 Effect of sea water temperature on low pressure and high pressure work rates. 
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 The work rates of low pressure and high pressure pump depends upon the pump 

pressure as well. One study is conducted in order to see the effect of pump pressure on 

work rates of desalination unit pumps. The Figure 5.40 represents the effect of pressure of 

desalination unit pumps on their work rates. On one side of the graph, the work rate of low 

pressure pump is plotted against the different pressure ranges. While on the other side of 

the graph, the work rate of high pressure pump is plotted against the different pressure 

ranges to see its effect on work rate. So the work rate of both pumps keep on increasing 

with the increase in pressure. 

 Figure 5.41 shows the effect of sea water flow rate on the energy and exergy 

efficiency of reverse osmosis desalination unit. Energy efficiency of the desalination unit 

is plotted on one side while exergy efficiency is plotted on the other side of the graph. The 

flow rate of fresh water directly depends upon the supply of sea water. So the graph shows 

that with the increase in mass flow rate of the sea water, both energy and exergy efficiencies 

of reverse osmosis desalination unit decreases. 

 

Figure 5.38 Effect of pump efficiency on low pressure and high pressure pump work rate. 
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 The salinity of the sea water is considered as 35000 PPM [87]. The Figure 5.43 

presents the effect of sea water salinity on the energy and exergy efficiency of the reverse 

osmosis desalination system. Figure shows that with the increase in sea water salinity, the 

energy efficiency of desalination unit increases while the exergy efficiency decreases with 

the increase in sea water salinity. The reason behind decrease in the exergy efficiency is 

that with the increase in sea water salinity, the exergy of the sea water increases while 

exergy of fresh water remains constant. Which results in increasing the overall exergy 

efficiency of the desalination unit. 

 

Figure 5.39 Effect of fresh water flow rate on the work rates of low pressure and high pressure 

pump. 

 The recovery ratio can be selected in the range of 0.6 to 0.7. A parametric study is 

established by varying the recovery ratio of the reverse osmosis desalination unit and to 
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effect of recovery ratio on the energy and exergy efficiency of desalination unit. So with 
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Figure 5.40 Variation in the work rates of pumps by changing the pressure ranges. 

 

Figure 5.41 Effect of sea water flow rate on energy and exergy efficiency of reverse osmosis 

desalination unit. 
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 The salinity of the fresh water also effects the overall energy and exergy efficiency 

of the reverse osmosis desalination unit. The Figure 5.44 represents the effect of fresh water 

salinity on the energy and exergy efficiency of the desalination unit. The salinity of the 

produced fresh water is 450 PPM so the range of salinity is considered from 400 to 500. 

The graph shows that with the increase in fresh water salinity, the exergy efficiency 

decreases very slightly which can be seen from the graph while energy efficiency decrease 

more slightly then the exergy efficiency which can be hardly noticed. 

 

Figure 5.42 Effect of recovery ratio on energy and exergy efficiency of reverse osmosis 

desalination unit. 
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second compressor B21. The exergy destruction rate, exergy efficiency and work rates of 

other devices are also presented in Figure 5.47. 

 

Figure 5.43 Effect of sea water salinity on exergy and exergy efficiency of reverse osmosis 

desalination unit. 

 The energy and exergy efficiencies of the subsystems of the proposed system 3 are 
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osmosis desalination unit is 62.86% and exergy efficiency is 29.69%. 

 The hydrogen production rates of all three designed systems are plotted in Figure 
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5.49. 
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Figure 5.44 Effect of fresh water salinity on exergy and exergy efficiency of reverse osmosis 

desalination unit. 

 

Figure 5.45 Effect of ambient temperature on exergy and exergy efficiency of reverse osmosis 

desalination unit. 
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Figure 5.46 Effect of pressures of low pressure and high pressure pump on the energy and exergy 

efficiency. 

 

Figure 5.47 Exergy destruction rate, work rate and exergy efficiency of the work producing and 

consuming devices.  
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Figure 5.48 Energy and exergy efficiencies of the main subsystems of proposed system 3. 

 

Figure 5.49 Comparison of all three systems on the basis of the hydrogen production. 
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The overall efficiencies of all the integrated systems are plotted in Figure 5.50. The energy 

efficiency of system 1 is calculated as 39.8% and the exergy efficiency is 40.5%. The 

energy efficiency of system 2 is 32.5% and exergy efficiency is 31.82% while the energy 

efficiency of system 3 is 48.6% and exergy efficiency is found to be 40.2%. 

 The exhaust heat ejected from the steel, cement and glass production processes is 

integrated with the Cu-Cl cycle to produce hydrogen. In Ontario, natural gas is commonly 

used for heating purposes, thus, this industrial heat available is compared with the heat 

provided by natural gas. The CO2 emission calculations are conducted for one year of the 

operating period. In addition, CO2 emissions are calculated for the amount of heat which 

is utilized. The CO2 emissions can be avoided by utilizing this waste heat. The amount of 

CO2 emissions which can be avoided by each system is presented in Figure 5.51. The 

maximum amount of reduced CO2 emissions is obtained for system 2. 

 

Figure 5.50 Energy and exergy efficiencies of all three hydrogen production systems. 
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 In Ontario, natural gas for heating purposes is assumed to have a cost of 15.9 ¢/m3. 

The cost calculations are conducted on a per year basis of the operating period. The 

industrial exhaust heat is compared with the cost of heat provided by natural gas. In 

addition, the cost is calculated for the amount of heat which is utilized. This cost can be 

saved by utilizing waste heat. The cost which can be saved by each system is presented in 

Figure 5.52. The maximum cost saved is by system 2 and then system 1. 

 

Figure 5.51 CO2 emissions comparison of all three designed systems. 
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Figure 5.52 Cost comparison of all three designed systems. 

The experimental results shows that increasing temperature of hydrolysis reactor 
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Table 5.4 Comparison of the Cu-Cl cycle results with the experimental data. 

Reference 3-step Cu-Cl cycle 4-step Cu-Cl cycle 5-step Cu-Cl cycle 

𝜂 𝜓 𝜂 𝜓 𝜂 𝜓 

Proposed system   40.4 41   

Lewis et al. (2009) 40.4      
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Ferrandon et al. 

(2008) 

39      

0

0.5

1

1.5

2

2.5

System 1 System 2 System 3

C
o

st
 (

M
$

/5
 y

ea
rs

)



113 

 

A comparison of the efficiencies of the thermochemical copper-chlorine (Cu-Cl) is 

conducted and validated through the previous studies. The thermochemical copper-

chlorine cycle used in the designed system is analyzed energetically and exergetically and 

the overall energy and exergy efficiencies are compared with the past studies.  
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Chapter 6: Conclusions and Recommendations 
 

Different industrial waste heat sources are integrated with hydrogen production Cu-Cl 

cycle and this study might help in the industrialization of the hydrogen production Cu-Cl 

cycle. This study developed, analyzed and evaluated the performance parameters of all 

three proposed hydrogen production systems utilizing different waste heat sources. Aspen 

plus modeling software and Engineering Equation Solver (EES) are used in order to 

perform the simulation and analysis of all three proposed systems. The overall performance 

assessment of all three hydrogen production systems highly relies on the energy and exergy 

efficiencies. 

6.1 Conclusions 

The developed systems are designed and integrated with different systems for hydrogen 

production, to demonstrate the potential of these designed systems in order to operate in a 

more environmentally benign manner. This research assessed and developed the 

performance of three proposed hydrogen production systems integrated with various waste 

heat sources utilizing the Cu-Cl cycle. The industrial waste heat sources are integrated with 

the thermochemical Cu-Cl cycle for hydrogen production in this thesis. The performance 

assessment of all of the three systems was based on the energy and exergy efficiencies. All 

of the three designed systems were simulated using Aspen Plus modeling software and 

EES. 

The main findings extracted from this study are listed as follows: 

 The waste heat of 7,876 kW carried by the flue gas from the steel heating furnace 

is recovered to produce 64.8 kg/h of hydrogen and 1.3 MW of electricity. 

 Waste heat from the cement slag is utilized to produce heating and 140.8 kg/h of 

hydrogen. 

 The exhaust gas from the glass melting furnace transfers 7,855 kW of heat to 

produce 42.3 kg/h of hydrogen, 1.8 MW of electricity and fresh water for a 

community of 1,500 houses. 
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 The overall energy efficiency of the system 1 is 39.8% and overall exergy 

efficiency is 40.5%. 

 The energy efficiency of the system 2 is 32.5% and the exergy efficiency is found 

to be 31.82%. 

 The energy efficiency of the system 3 is 48.6% and the exergy efficiency is found 

to be 40.2%. 

 The compressed hydrogen production capacity of integrated system 1 is 64.8 kg/h, 

for system 2 it is 140.8 kg/h, and for system 3 it is 43.2 kg/h at 750 bar pressure. 

6.2 Recommendations 

In this study, three design concepts of hydrogen production system are proposed. All three 

proposed hydrogen production systems are analyzed, modeled and designed. The industrial 

waste heat is integrated with thermochemical hydrogen production cycle to produce clean 

hydrogen. A number of recommendations are made for the industrialization of Cu-Cl cycle 

on the basis of results of this study: 

 Future studies should integrate more than one source of energy with 

thermochemical hydrogen production Cu-Cl cycle. 

 Additional supporting systems in all three proposed systems contain the main part 

of exergy destruction of the overall systems. 

 Some other systems providing the same purpose should be replaced with 

subsystems of designed systems in order to obtain more performance assessment. 

 Further research should be conducted for experimental validation of the systems. 

 Optimization of the designed systems should be considered in future studies. 

 An exergoeconomic analysis and cost analysis should be conducted for the systems. 

 Integrated systems with thermochemical cycle should consider a proper heat 

delivering and recovering method. 

 A complete life cycle assessment should be performed on the systems proposed in 

this study which will help in the industrialization of thermochemical hydrogen 

production Cu-Cl cycle.  
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