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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-
CI) 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-ClI 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 CO> emissions from various industrial sectors are shown

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

[9D).

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.



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



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].

= Iron & steel

= Cement and Petrochemical

= Non-metallic minerals
Non-ferrous metals

= Transport equipments

= Machinery

= Mining & quarrying

m Food & tabacco

m Paper, Pulp and Print

= Wood and wood products

m construction

m textile & leather

= Non-specified (industry)

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



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:

e 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.

e 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).

e To validate the results of subsystems of the proposed systems with previously
published data.

e 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



efficiencies and exergy destruction rates of each component of all three proposed
systems.

e 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.

e 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.



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 °C, 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



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 °C 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-ClI 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 °C 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, O, and NOx. The results declared: about 1690
°C as flame park temperature; about 1520 °C 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 °C. 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 °C 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 H20 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-ClI 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-ClI 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-ClI 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 °C [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 (°C)

1 Hydrogen 2CuCl(aq) + 2HCI(aq) — H,(g) + 2CuCl,(aq) | <100
production

2 Drying CuCl,(aq) = CuCl,(s) <100
Hydrolysis | 2CuCl,(s) + H,0(g) — Cu,0Cl,(s) + 2HCI(g) | 400

4 Oxygen Cu,0Cl,(s) = 0.5 0,(g) + 2CuCl(l) 500
production

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 CuClz or by chlorination of Cu by HCI 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 Cu,OCl, and HCI through a
spray reactor. A spray reactor is designed by Argonne National Laboratory in which CuCl»
aqueous solution is atomized, and counter of co-current flow of Ar/steam is injected into
the heated zone. A significant yield of Cu.OCI: is obtained in counter-current design
instead of co-current flow, but a small amount of CuCl> remained unreacted, and the reason
behind it was decomposition of Cu2OCl; instead of CuCl,. 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.

Cu-Cl cycle splits H,O into H, and %20, (all other chemicals are re-cycled continuously)
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Figure 2.1 lllustration of the four-step thermochemical Cu-ClI 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 CO- 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 CO> emissions, thermochemical Cu-CI 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-ClI cycle and
advantages of combining electrolysis with the thermochemical Cu-ClI 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-ClI cycle
and discussed the hydrogen production by the decomposition of copper oxychloride
(Cu20Cly). 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 0smosis
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 CO 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-ClI 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°C while in the thermochemical Cu-Cl cycle,
550°C 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°C 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.
e 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 °C [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.

e Steam Rankine cycle

The exhaust gas ejected from the steel heating furnace is at the temperature around 810 °C,
and 550 °C 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.
e Thermochemical Cu-Cl cycle

The thermochemical Cu-ClI 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-ClI 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 °C temperature which produces copper oxychloride
(Cu20Cly). This copper oxychloride decomposes in cuprous chloride (CuCl) and oxygen
gas (O2) at 500 °C temperature. Then aqueous cuprous chloride (CuCl) and aqueous HCI
reacts in electrolyzer at 25 °C to produce hydrogen gas (H2) and aqueous cupric chloride
(CuCly). Hydrogen gas is separated, and aqueous cupric chloride is passed through the

dryer at 80 °C to circulate the solid cupric chloride.
e Multistage hydrogen compression

The cuprous chloride reacts with the aqueous HCI 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-ClI 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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e Multistage reheat Rankine cycle

The copper oxychloride (Cu20OCl,) is decomposed to produce cuprous chloride, and
hydrogen gas and reaction temperature is about 500 °C. Produced oxygen gas at a
temperature of 500 °C 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-ClI cycle, hydrogen compression system and multistage reheat Rankine
cycle. Waste heat stream S1 from steel heating furnace enters into the heat exchanger
Bland 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-ClI 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 °C and splits into two
streams S6 and S8. The stream S13 enters into the heat exchanger B6 to maintain 550 °C
temperature, and from block B6, it enters into the hydrolysis reactor B8 having the

temperature of 400 °C.
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One more stream S29 containing CuCl; enters into the hydrolysis reactor, and this
reactor produces copper oxychloride and HCI gas. This mixture then enters into the
separator B9 via stream S15 and this block B9 separates Cu>OClI; in S16 stream and HCI
in S17 stream. The copper oxychloride enters into the heat exchanger B10 to maintain the
temperature of 500 °C, 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
°C, 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 CuCl, 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-ClI 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.

(s4]

B31

Bl

547

Figure 3.3 Aspen Plus model of system 1 multistage reheat Rankine cycle

26



Table 3.1 Reactions of the four-step thermochemical Cu-Cl cycle and operating conditions.

Step Reactor name Reaction Temperature
range (°C)

1 Hydrogen production reactor | 2CuCl(aq) + 2HCl(aq) — <100
H,(g) + 2CuCl,(aq)

2 Water separation by drying | CuCl,(aq) = CuCl,(s) <100

or crystallization

3 Hydrolysis reactor 2CuCl,(s) + H,0(g) - 400
Cu,0Cl,(s) + 2HCI(g)

4 Oxygen production reactor | Cu,0Cl,(s) - 0.5 0,(g) + 500
2CuCl(D)

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°C
The temperature of stream S4 entering Cu-Cl cycle 550°C
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°C
Hydrolysis reactor B8 pressure 1 bar
Oxygen production reactor B11 temperature 500°C
Oxygen production reactor B11 pressure 1 bar
Electrolysis reactor B14 temperature 25°C
Electrolysis reactor B14 pressure 1 bar
Electrolysis reactor B14 energy requirement 55.0 kJ/mol H;
Dryer B18 operating temperature 80°C
Dryer B18 operating pressure 1 bar
Multistage Number of compression stages 3 stages
hydrogen
compression
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 Multistage Rankine cycle operating pressure 150 bar
Rankine cycle
Oxygen gas stream S21 inlet temperature in heat 500°C
exchanger B26
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°C 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°C 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.

e Cement slag waste heat

Cement slag waste heat is used as the input source for system 2. Cement slag exits at 1500
°C 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 °C [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.
e Cu-Clcycle

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 °C temperature which produces copper
oxychloride. This copper oxychloride decomposes in cuprous chloride and oxygen gas at
500 °C temperature. Then aqueous cuprous chloride and aqueous HCl reacts in electrolyzer
at 25 °C to produce hydrogen gas and aqueous cupric chloride. Hydrogen gas is separated,
and aqueous cupric chloride is passed through the dryer at 80 °C to circulate the solid cupric
chloride, and the details are tabulated in Table 3.3.
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e Multistage reheat Rankine cycle

The oxygen gas produced from the decomposition of copper oxychloride (Cu2OCly) is
usually at around 500 °C. 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.
e 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 °C 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 °C temperature, and from block B1, it enters
into the hydrolysis reactor B2 having the temperature of 400 °C. One more stream S26
containing CuCl, enters into the hydrolysis reactor, and this reactor produces copper
oxychloride and HCI gas. This mixture then enters into the separator B3 via stream S3 and
this block B3 separates Cu.OCl, in S5 stream and HCI in S6 stream. The copper

oxychloride enters into the heat exchanger B4 to maintain the temperature of 550 °C, 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 °C, and then this stream S9 is also entered into the
decomposition reactor B5 to provide with the required heat. The block BS 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 CuCl» proceed towards the
heat exchanger B12 to maintain the temperature.

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

Step Chemical reaction Temperature range (°C)
1 2CuCl(aq) + 2HCI(aq) — H,(g) + 2CuCl,(aq) <100

2 CuCl,(aq) = CuCl,(s) <100

3 2CuCl,(s) + H,0(g) — Cu,0Cl,(s) + 2HCI(g) 400

4 Cu,0Cl,(s) = 0.5 0,(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 m3kg 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 kgls
Cu-Cl cycle | Hydrolysis reactor B2 operating temperature 400°C
Hydrolysis reactor B2 operating pressure 1 bar
Oxygen production reactor B5 temperature 500°C
Oxygen production reactor B5 pressure 1 bar
Electrolysis reactor B9 operating temperature 25°C
Electrolysis reactor B9 operating pressure 1 bar
Electrolysis reactor B9 electrical energy requirement | 55.0 kJ/mol H:
Dryer B15 operating temperature 80°C
Dryer B15 operating pressure 1 bar
Multistage Number of compression stages 3 stages
compression
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 Multistage Rankine cycle operating pressure 150 bar
Rankine cycle
Oxygen gas inlet temperature in heat exchanger B13 500°C
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°C while in the
thermochemical Cu-Cl cycle, a 550°C 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 Osmaosis (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°C 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-ClI cycle, one single stage
and one multistage reheating Rankine cycle and Reverse osmosis unit. Description of
Major steps and cycles is provided below.

e 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°C, and this waste heat is used to operate Rankine
cycle initially because 1127°C temperature is very high and 550 °C temperature is required
in Cu-Cl cycle. So additional heat is utilized to operate Rankine cycle.

e Steam Rankine cycle

The exhaust gas ejected from the glass melting furnace is at temperature 1400 K (1127 °C)
while the temperature required to operate Cu-Cl cycle is 550 °C. 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.
e Thermochemical Cu-ClI 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 °C [62].

2CuCl,(s) + H,0(g) — Cu,0Cl,(s) + 2HCI(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 °C.

Cu,0Cl,(s) = 0.5 0,(g) + 2CuCl(D) (3.2)

Step 3: In this step, aqueous CuCl: is dried at the temperature of about 80 °C to separate

the aqueous cupric chloride from water.
CuCl,(aq) = CuCl,(s) (3.3)

Step 4: The cuprous chloride reacts with HCI in electrolyzer to produce hydrogen gas in
this step, and this step is carried out at the temperature between 25 °C and 35 °C.

2CuCl(aq) + 2HCl(aq) — H,(g) + 2CuCl,(aq) (3.4)
e Multistage reheat Rankine cycle

The hydrogen chloride (HCI) gas rejected from hydrolysis reactor offer much heat to
recover because this stream is at 400 °C and this stream is required to enter into the
electrolysis reactor where electrolysis is taking place at average ambient temperature 25
°C. So this additional heat is recovered by passing it through a heat exchanger where this
HCI gas transfers its temperature to the water stream which is used as a working fluid in

multistage reheat Rankine cycle.
e 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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e 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-ClI 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 °C of temperature and
the flow rate of 6.37 kg/s. The temperature required for operating Cu-Cl cycle is 550 °C.
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 °C 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 Bl via
stream S2 containing 90 °C 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 °C. Sea water also passes through this condenser to obtain the temperature of 40 °C.
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 °C 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 °C
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, CuCl. reacts with water at 400 °C to produce copper oxychloride and
HCI gas. A mixture of these two components reaches to the separator B9 which separates
Cu20Cl2 from HCI. The hydrogen chloride gas leaves through stream S17 at 400 °C, and
this high temperature heat is utilized to operate multistage reheat Rankine cycle (Figure
3.9) and again enters into the electrolyzer at 25 °C temperature.

The copper oxychloride leaves through the stream S16 and enters into the heat
exchanger B10 where the temperature is maintained at 550 °C. Copper oxychloride then
enters into the decomposition reactor B11 where it is decomposed at 500 °C in cuprous
chloride (CuCl) and oxygen gas (O2). This mixture leads towards the separator B12 via
stream S20 which separates oxygen gas containing 500 °C 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-ClI cycle again. In electrolysis reactor, CuCl
reacts with HCI to produce aqueous cupric chloride (CuCly), 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 °C 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 HCI 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 °C which
is shown in Figure 3.8 entering in the electrolyzer to utilize the temperature of HCI gas.
Figure 3.6 represents the schematic diagram of reverse osmosis unit and the analysis for

reverse 0Smosis unit is conducted in Engineering Equation solver.

40



"Jeay a1sem [ernsnpul sseib Buizijnn ajoA2 [D-nD edlwaydowlayl wolj uonanpoid usbolpAy 1o} welbelp onewsyds £ WalsAs 9°¢ aunbi4

SunesH <— /S

89

Jasuapuo)
8¢

LE

J0jlelasuan
2141093

puD o1 €

auiquny aHIgiin. auiquny
d-moq  d"WNIPSN d-ysiH

1amo] 8uljoo)d

a191eM
3|npowl Jaquieyd ysaud

¢ dwng od Bupdin

[43
juel
238eu019

¥ X3H

as SS T OAleA 9s
9A|BA 91104 9|1104
Tan 13130441 v | YL
0S  juswieas) €
|eaiwayd anjeN Aem-¢ r z dwng
24 B} Iy .
14
S X3H
OFH eas
14
6¢C 8T
134
1asuapuo)
dwng
s1sAj04309|3
1274
Ty 2oeudny
Sunaw sse|n

(N1onD

[4e)

J0loead

1010831
sisAjoapAH

uonisodwosaq sed 1sneyxy sed 1sneyx3y

41



B3

. <

Q‘l\ §

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 0smosis unit components and streams are referenced in Figure 3.6.

Component Parameter Value
Rankine cycle| The temperature of input flue gas stream 1127°C
The temperature of stream S4 entering Cu-Cl 550°C
cycle
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°C
Hydrolysis reactor B8 operating pressure 1 bar
Oxygen production reactor B11 operating 500°C
temperature
Oxygen production reactor B11 operating 1 bar
pressure
Electrolysis reactor B14 operating temperature 25°C
Electrolysis reactor B14 operating pressure 1 bar
Electrolysis reactor B14 electrical energy 55.0 kJ/mol Ha
requirements
Dryer B18 operating temperature 80°C
Dryer B18 operating pressure 1 bar
Multistage | Number of compression stages 3 stages
compression
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 | Multistage Rankine cycle operating pressure 150 bar
Rankine cycle
HCI stream S17 inlet temperature in heat 400°C
exchanger B26
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 Fresh water flow rate 17.4 kgls
Osmosis unit
Operating temperature 45°C
Membrane recovery ratio 60%
Wpump 2 18.42 kW
Wpump 3 181 kW
77pump 2 0.85
npump 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.

w 7 S

828 e
826 o :
s} : ‘ 851
(5]
‘
{s0}
543
< 54}
lor]
154]

B30

547

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:

. . d
Tty =Xt = —F (4.)

In this equation, m represents mass, m 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:

. . . 73 . vé dE
0 =W+ Zim, (h + L+ g2) = et (he + % + g2, ) = = (4.2)

In the described energy equation, Q represents heat transfer rate, I/ 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:

47



: ds . . )
Sgen = <= YeMeSe — XiM;S; — X (g_:) (4.3)

dt

Sgen IS representing the entropy generated during the process, 1 represents mass flow

rate, Q 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:

Ex? + Y, mex; = Y, mqex, + Ex,, + Ex, (4.4)

In the described equation, subscripts i denotes the inlet while subscripts e denotes the exit

and Ex, represents the exergy destruction. Some other terms are described below:

Ex® = Q;(1-2) (4.5)

Ts

Factor Ex? denotes the exergy rate because of heat transfer, To represents the ambient

temperature and Ts denotes the boundary temperature.
Exy =W (4.6)

In the above equation, Ex;, represents the exergy rate due to mechanical or electrical

work which is equal to work rate.
ex = exyp + excp 4.7)
The factor exph represents the physical energy and exch represents the chemical exergy.

expp = h —hy —To(s — sp) (4.8)
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In the above equation 4.8, h and s represents the specific enthalpy and entropy of flow
and ho and so denotes the specific enthalpy and entropy of reference state. The chemical

exergy can be described as:
excn = X xj exdy + RTo X x; In(x;) (4.9)

In above described equation, xj represents the mole fraction of component j, exg, denotes

standard specific chemical exergy, R is universal gas constant and To 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:

e The system operates under steady-state conditions [90].

e No starting up periods is considered for hydrogen production cycle [94].

e All gases in the chemical exergy equations are considered as real gases.

e The changes in kinetic and potential energies are neglected [96].

e STEAMNBS is the property method used for Aspen Plus modeling of water (H20)
which ranges from 0 to 1700 °C and maximum allowable pressure is 1000 MPa
[94].

e 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].

e No heat losses and pressure drops take place in heat exchangers of hydrogen
production Cu-ClI cycle [98].

e For all the turbines, the isentropic efficiency of 72% is considered [99].

e The efficiency of electrical generator is considered as 95% [94].

e No heat losses occurs in the steam turbines.

e No heat losses occurs in hydrogen compressors because of the adiabatic

consideration.
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e 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 Kkinetic 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:

e The system operates under steady-state conditions [90].

e No starting up period considered.

e All gases in the chemical exergy equations are considered as real gases.

e The changes in kinetic and potential energies are neglected [96].

e 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.

e No heat losses and pressure drops take place in heat exchangers of integrated
system [94].

e The reference conditions are taken as 25 °C temperature and 1 atm pressure.

e The adiabatic conditions are considered for compressors and turbines.

e 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:

e The system operates under steady-state conditions [90].

e All gases in the chemical exergy equations are considered as real gases.

e The changes in kinetic and potential energies are neglected [96].

e 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].

e The reference conditions are taken as 25 °C temperature and 1 atm pressure.

e The mechanical efficiency of compressor is considered as 95% [100].

e The adiabatic conditions are considered for compressors and turbines.

e No heat losses and pressure drops take place in heat exchangers of integrated
system.

e Salinity of sea water for reverse osmosis unit is considered as 35000 PPM [89].

e The isentropic efficiency of pumps included in desalination is considered as 85%
[88].

e 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-ClI 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:

Nre = —rbED_ (4.10)

Mss(hss—hs10)

In the equation described above, Wun 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:

Tf'I.HZLI'IVI.I2
Qin"‘We

Neu—-ct = (4.11)

Qin = QB6 + QB7 + QBlO + QBll + QBl7 + QBB + QBZB + QBZ4 + QBZS (412)

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:

Worurb27) ¥ Wrurb28) Y Wrurb(29) (4.13)

"msre Mgz1(hsao—hs21)

The subscripts of the components and streams refers to the Figure 3.3. The factor Wrum is
the power produced by the three turbines.

The heat released from the condenser can be formulated as:

Qheating = 10 (hae — has) + M5 (has — hyz) (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 Entropy balance Exergy balance
equation equation equation
B1 (heat Mmgihgq + Mg1Sg1 + My3Ss3 | Mg1€Xs1 + MgzeXg3 +
exchanger) Thgshgs + + Ms10Ss10 + Sgen | Ms10€Xs10 =
Ms10Ms10 = = My Sy MgzeXsy + MealXsy +
Mgyhgy + + M4 Sea Mgsexss + Exg
Msahsy + Mg hgs + My Sys
B2 (turbine) Msshss = MgsSes + Sgen MgseXss = Mg7eXs7 +
ms7hs7 + Wout = Th57557 Wout + Exd
B3 (heat Msrhey = Ms7Ss7 + Sgen Ms7€Xsy = Msg€Xsg +
exchanger) m59h59 + Qout Qout Exoout + Exd
Ms9Ss9 + TO
B4 (pump 1) Mgohgo + Win = Mg9Ss9 T Sgen Mg9€Xso + Wi(l =
Ms10hs10 = Ms10Ss510 Mg10€Xs10 + EXg
B6 (heat Ms13hs1z + Qin = | Ms13Ss1z + Sgen Ms13€Xs13 + Einn =
exchanger) Me1ahs1a Qin . Ms14€Xs14 + Exg
+ T_o = Ms14Ss514
B7 (heat Merthsy + O = | Me11Se11 + Sgen | Mer1€¥s11 + Exg, =
exchanger) Ms12hs12 Qm . Tg1€Xs12 + EXg
+ T_o = Mys12Ss12
B8 Mgiahs1s + Ms14S514 Ms14€X14 +
(stoichiometric | rig,ohgyo = + Mg205520 + Sgen | Msa0€X20 =
reactor) Tg15Ms1s = M¢5Se1s Ms15€Xs15 + Exg
B9 (separator) | rigyshsys = 155515 + Sgen | Ms15€Xs15 =
Mg16hs16 + = Mg16S616 Ms16€Xs16 +
Mg17hs17 + Mgy7Se17 Mg17€Xs17 + Exg
Bil Mgs12hs12 Ms125512 ) Mg12€Xs12 + )
(stoichiometric | + rig 9hgi9 + Qin | + Ms19S519 + Sgen | Ms10€Xs19 + Exg,, =
reactor) = Tsz0hs20 Qin _ Mg0€Xs20 + Exg
+ T_o = Ms20Ss20
B12 Msz0Ns20 = Ts208520 + Sgen = | Ms20€Xs20 =
(separator) Mgy1hso1 + Mg1Ss21 + Mg21€X521 + .
Ms2Rs22 Mgp2Ss22 Mg22Xs522 + Exg
B13 (heat Mgohson = ) Mg22Ss22 + Sgen = | My228X522 = .
exchanger) Ms24Ns524 + Qour TMg2aSspa + Qout Ms24€Xs24 + ExQout t
To Ex,
B14 Mg1ghsig + Ms18S518 Mg1g€Xs18 +
(stoichiometric Ms24Ns524 + Vi/e = | + My4Ss24 + Sgen Ms24€X524 + We =
reaCtOr) Mgoshss = Myy5Se25 M5€Xsp5 + Exd
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B15 (heat Th517h517 = ) m5175517 + Sgen m517ex5‘17 = .
exchanger) Ms1ghs1g + Qout PyigSats + Q;ut Ms18€Xs87 + Exg, .t
0 Exd
B16 Mgoshsrs = Ms25Ss25 T Sgen Ms25€Xs25 =
(separator) Ms6Nsz6 + Mg6Ssae + Ms26€Xs26 T
Mgy7hs27 Mgy7S627 Msp7€Xs27 + EXg
Bl?h(heat Mga7hs27 + Qin = | Ms27Ss27 + Sgen Ms27€Xs27 + Exg,, =
exchanger i )i . ' ;
ger) Msghsog QT_l: = MgygSe2g Mgrg€Xs2g + Exg
B18 (Dryer) MsgNs28 = Ms285s28 + Sgen Ms28€X528 =
Msz9Ns29 + Mg29Ss29 T+ Mg29€X529 T )
Ms30hs30 305530 Ms30€Xs30 + EXg
B20 Mgaehs26 + Win = | 268526 + Sgen Mg26€Xs26 + Wi =
(compressor 1) | rivgzq hzq MM31Ss31 Ms31€X531 + EXxq
B21 Mg33hs3z + Win = | Mg33Ss33 + Sgen MMs33€Xs33 + Wip =
(compressor 1) | rivgz4hgsq Ms34S534 Ms34€Xs534 T EXq
B22 Mg36hs36 + Win = | Ms36Ss36 + Sgen MMs36€Xs36 + Win =
(compressor 1) | rivgs;hgsy M37S537 Ms37€Xs37 + EXq
B23 (heat Mgzihg3y = . Ms31Ss31 T Sgen Mg31€X531 =
exchanger) Thgazhszz + Qout . Qout Mg33eXg33 + Exg,  +
Ms33Ss33 + = : out
0 Exd
B24 (heat ms34h534 = ) ms34ss34 + Sgen 77.1'534-8'96534- = .
exchanger) szshsze + Qout MeeSaas + Qout TMs36€ X536 + Exg,,, t
To Exd
B25 (heat m537h537 = ) m5375537 + Sgen ms37exs37 = .
exchanger) Me39hs39 + Qout TezoSea0 + Qout Ms39€X539 + Exg,,, t
To Exd
B26 (heat Mgp1hsa1 + Mg21Ss21 + Mgp1€X521 +
exchanger) TMazRgar + Ms42Ssa2 + Ms42€Xs42 +
MgaaNsas + Mg44Ss44 T ) Mg44€X544 +
Mgyghssg = Mg48Ssag + Sgen Ms48€X548 =
MsgoNsa0 + Mea0Ssa0 T Ms40€Xs40 T
Mga1hsar + Mgy1Sga1 + Ms41€X541 +
mS43hS43 + m5435543 + Mgy3€X543 + .
Msq5hs4s5 Mg45Ss45 Mgg5€Xsys + Exg
B27 ) ms41h541 = ) Th5415541 + Sgen m541€x541 = .
(Turbine 1) Msazhsaz + Wour | TiggySear Ms42€Xs47 + Wour +
Exd
B28 Msazhoas = Ms43S543 T Sgen Ms43€Xsa3 =
(Turblne 2) m544h544 + Wout Ths44ss44 ms44ex54—4 + Wout +

Exd
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B29 Mgashsas = Mga5Ssas + Sgen = | Mg45€X545 =
(Turbine 3) Msashsas + Wour | TgsgSeag Msa6€Xsa6 + Wour +
Exy

B30 (heat Msaehsse = ) Msa6Ssae T Sgen = | Ms46€Xs546 = .

exchanger) MgazNsa7 + Qour Me47Ssar + Qout 7.7.1547ex547 t Exg,,, t
To Exg,

B31 (pump) Mgazhsars + Win = | MigarSear + Sgen = | Mg47€Xs47 + V_Vin =

Ms4gNsag Ms48Ssa8 Ms4g€Xsag + Exg

The overall energy efficiency of the hydrogen production integrated system 1 can be

written as:

mHZLHVHZ +Wnet+Qheating (415)
Qs1

Nov =

Wnet = WTurb(BZ) + I/I./Turb(BZ7) + WTurb(ZS) + WTurb(29) - l/i/e - Wcompl - Wcompz -
Wcomp3 - Wpump B4 — WBBl (4-16)

The exergy efficiency of the subsystem Rankine cycle (RC) can be described as:

Yre = _ Wrurb@B2) (4.17)

Mgs(exss—exs1o0)

The exergy efficiency of the thermochemical Cu-ClI cycle is as follows:

Youcl = g2t (4.18)

inTL+We

Exg, = EXopy + tEXgg, + Exgp o ¥ EXgpy, + EXgpy, + EXGpy + EXGpyy + EXgy,, +
Exgp,s (4.19)
The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows:

_ Wrurb@en*Wrurb2s)*Wrurb(29) (4.20)
MSRC Mg21(€Xs40—€X521) '
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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
Bl (heat g = Mg2€Xsp T Mgg€Xsq + Mgs€Xss Exd = Mg X5 +
B1 = - - i
exchanger) Mg1€Xs1 + Mg3€Xs3 + Ms10€Xs10 Mg3€Xs3 +
Ms10€Xs10 —
(mszexsz +
_ ms4exs4 + mssexss)
B2 (turbine) MgreXs7 + Woye Exg = mgsexss —
B2 = Mq7Xs7 (ms7exs7 + Wout)
ercﬁgiater) Yp3 = M550 & EXGowe Eaxg = mspexs; =
g B3 Mg,eXsr (Msoexso + Exg, )
B4 (pump 1) _ My10€Xs10 Exy = mggexso +
B4 = : .
Mgg€Xg9 + Wm Win — Ms10€Xs10
B6 (heat ll} _ m514ex514 Exd = m513ex513 +
B6 = g : .
exchanger) Mgizexsiz + Exg, Exg,, —Ms14€X514
B7 (heat ll} _ mSlZexSIZ Exd = Thsllexsn +
B7 = g : .
exchanger) Mgi1€Xs11 + Exgy. Exg,, — Ms12€Xs12
B8 Vg = Ms15€Xs15 Exy; = mgiexi, +
- . B8 = = - .
(stoichiometric Mg14€X14 + Ms39€X 29 Mgp9€X29 —
reactor) MMs15€Xs15
B9 (separator) _ Ms16€X516 T Ms17€X517 Ex, = mgsexss —
B9 = - .
Mg15€Xs15 (Ms16€Xs516 +
. Mg17€Xs17)
B11l Vpis = M20€Xs520 Ex; = mgi,exg1, +
tahi i B11 = : g , -
i . Ms520€Xs520
B12 Y1y = Mg21€Xs21 T Mgp28Xs2 Ex; = MmgypeXgr0 —
(separator) B1z Mgp0€Xs20 (Msp1€X521 +
. mszzexszz)
g M92€Xs20 (My24€Xs24 + EXQ'out)
B14 Vpia = M25€Xs25 Ex; = mggexgg +
iahi i B14 = 3 : . i
(stoichiometric Tg1g€Xs1g + Mspa€Xsaa + W, tisaeexsae + W, =
reactor) . Msp5€Xs25
E)(lcigrleitr Ypre = MmgigeXsgy + Exg EJ'Cd = My17€X517 —
ger) B15 Mgq7€Xs17 (Ms1g€xsg7 + ExQ'(,ut)
B16 Vi = Ms26€Xs26 + Ms27€X527 Ex; = MgyseXeys —
(separator) B16 Mg25€Xs25 (Mis26€X526 +

Mg27€Xs27)
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B17 (heat

Mgr8€Xs508

Exd = Mgy7€X527 +

exchanger) Va7 Tsp7€Xsa7 + Ex, Exy,, — Ms2g€Xs23
B18 Vpig = msz9ex.sz9 + Mgz0€Xs30 EJ.Cd = Mgpg€Xg8 —
(Dryer) Mgr8€X528 (Mis29€X529 +
. mssoexsso)
B20 Yase = — msSlexSSI. Exq = Ms26€Xs26 +
(compressor 1) Ts26€Xs26 + Win Wi" — 1Mg31€X531
B21 P Ms34€Xs534 Exq = Ms33€Xs33 +
(compressor 1) Me33€Xe33 + Wip Win — Mg34€X534
B22 P Ms37€Xs37_ Exq; = Ms36€Xs36 +
(compressor 1) Mg36€X536 + Win Win — Mg37€Xs37
B23 (heat _ Tgzzexgz + Exy, . Exq = Mg31€Xs31 —
exchanger) Vg3 = Tian €Xen (Mg33exs33 + Exg )
B24 (heat _ MgzeXs3e + Exy, . Exq = Mg34€Xs34 —
exchanger) Vg2 = Tlan €Xong (Mg36€Xs36 + EXg,,,)
B25 (heat B My39€Xs39 + ExQout Exd = ms37ex§37 -
exchanger) Yp2s = rons X ony (hszoexszo + Exg, )
B26 (heat Wn2e Exq = thgyexgq +
exchanger) | Migy0€Xs40 + Mgg1X541 + Myg3X543 + Meys€X| 1, ex0,, +
 Tigp1€Xepq + Tggr€Xeay + Msa€Xsas + MgageX| MegXoay +
Ms48€X548 —
(Ms40€Xs540 +
ms4—1€xs4-1 +
Ms436X543 +
i 7?154-5335545)
B27 Ms42Xs542 + Wour Exgq = mgy1eX541 —
(Turbine 1) V27 = M4 X541 (Ms42€Xsq2 + Wout)
B28 Ms44€X5a4 + Wout Exd = MM543€X543 —
(Turbine 2) Vp2g = Mes36X543 (Ms44€Xs44 + Wout)
B29 Ms46€Xsa6 + Woue Exq = MgaseXsas —
(Turbine 3) Vp2o = Meas€Xoas (Ms46€Xs46 T Wout)
B30 (heat Tsar€Xsa7 + Exg Ex, =
exchanger) Yp3o = Trorceons Ms46€Xsa6 =
(Ms47€Xs47 + Exg )
B31 (pump) Vg = Ms45€Xs48 ijd = Mgy7€Xs47 +

Mgy7€Xs47 + Win

Win — MgugeXsyg

The overall exergy efficiency of the hydrogen integrated system 1 can be written as:

my,exy, +W”Ef+Etheating

111)017

Ex,;
*Qs1
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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:

Tf'lHZLHVHZ

Neu-ct = Qin+We (422)
Qin = Qp1 + Qs + Qpa + Opz + Qps + Q12 + Op23 + Qp2a + Qpas (4.23)
The exergy efficiency of the thermochemical Cu-ClI cycle is as follows:

Youct = gz he (4.24)

inTL+We

Einn = ExQB1 + Expe + ExQBz + ExQB4 + ExQBs + ExQB12 + ExQBz3 + EXQBZA, +

Exg,,. (4.25)
The energy efficiency of the multistage Rankine cycle (MSRC) is as follows:

WTurb(M)+WTurb(16)+WTurb(17) (4 26)

MSRC = .
"msre mgy13(hss—hs13)

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 Entropy balance Exergy balance
equation equation equation
Bl (heat mslhsl + Qin mslssl + Sgen + mslexsl + Einn =
exchanger) = Mgy hs 9in — 1iySe gexs, + Exg
To
B2 Msahsy + Mz hsy MgySs2 + Mmgyex + mgex =
(St0|Ch|0met“C = ms3h53 Mgy Ss2 + Sgen msSexs.? + Exd
reactor) TMg3Ss3
B3 (separator) | 73R Mg3Ssz + Sgen = | Ms3€Xs3 = MggeXgs +

= Mgshgs + Mgehge

MegeXse + Exy

B5
(stoichiometric
reactor)

m57h57 + ms9hs9
+ Qin = Ms10hs10

Mg7€Xg7 + Msg€Xgg +

Einn = Ms10€Xs10 +
Exd

B6 (heat Mmggheg + Qin MggSsg + Sgen + msgexsg + Exy =
exchanger) = Mgohsg % = TMgoSeo Mg9eXsq + Exg
0
B7 (separator) Ms10hs10 Ms10Ss10 T Sgen = | Ms10€Xs10 =
= Ms11M511 Mg11Ss11 + Msy11€Xs11 +
+ Ms12hs12 Tg12Ss12 Ms12€Xs512 + Exg
B8 (heat Mgihs1, = m513}_lsl3 Ms12S512 + Sgen = | Ms128Xs512 =
exchanger) + Qout | . Qout Ms13€Xs13 +
Ms13Ss13 + = Exsr +Ex
° Qout d
B9 Mgi3hgi3 + Mgi7Rs17 | Mg13S13 + Mg13€Xs13 +

(stoichiometric
reactor)

+ W, = mg6hsi6

Mg17Ss17 + Sgen =

Ms17€X517 + V_Ve =
Ms16€Xs16 T EXg

Ms16Ss16
B10 (heat Msehse = Ms17Ns517 + | MgeSse + Sgen = MseXse =
exchanger) Qout : Qout Ms17€Xs17 +

Ms17Ss17 + To Ex, +FEx

. Qout d

B11l Ms16Ms16 = Ms16Ss16 + Sgen = | Ms16€Xs16 =
(separator) Ms19Ms19 + Ms20hs20 | 1ig19S519 + MMs19€Xs19 +

Me205520 Mga0€Xs20 + Exg
B12 (heat Merohsao + Qi = Mg20Ss20 + Sgen + | Ms208Xs520 + Einn =
exchanger) Msz1Rs21 Qin Mhgp1eXs21 + Exg

T = Mg21S521
0
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B13 (heat Mg11M511 + MgpaRsrn | Ms11S511 Ms11€X511 +
exchanger) + Mgzahs24 + My22S522 Mgp2€X522 +
+ Mhgsohsso + M245524 _ Mg24€X524 +
= Mgghsy + Ms15Ns15 | + Mgz0Ss30 + Sgen | Ms30€Xs30 =
+ Mgp3hsys = Mg4Ssq Mg4€Xsy +
+ Mgashsys + Mgy5Ss1s Ms15€Xs15 +
+ Th5235523 m523ex5‘23 + .
+ mSZSSSZS Mgp5Xs25 + Exd
B14 . Msishs1s = . Ms15Ss15 + Sgen = | Msi5€Xs15 )
(Turblne 1) m522h522 + Wout mszzsszz = T_Tlszzexszz + Wout
+ Exd
B15 Msz1hs21 = Ms21Ss21 + Sgen = | Ms218Xs21 =
(Dryer) Msa6Ns26 + Ms27Ms27 | 1hgyeSere + Ms26€Xs526 T
Th5275527 Ms27€Xs27 + Exd
B16 } Ms3hsas = . Mg23S523 + Sgen = Msp3€X523 = )
(Turblne 2) m524h524 + Wout Th5245524 T'n524-ex824 + Wout +
Exd
Bl7 Msoshers = Ms25S525 + Sgen = | Ms25€Xs25 =
(Turbine 3) Ms2ghs2g + Wout TMs8Ss28 Ms25€Xs28 T Wour +
Exd
B18 (pump) Mgaohsa9 + Win = Ms29S529 + Sgen = | Mgp9€Xg5p9 + Win =
Mg30Ms30 Ms30Ss30 Ms30€Xs30 + Exg
B19 (heat mszghszg = ) mszgsszg + Sgen = | Msp8€X528 =
exchanger) Marohsro + Qout . Qout Ms29€X 529 +
Ms29Ss29 + = Exs  + Ex
(.) Qout d
B20 Mg19hs19 + Wi = Ms19S519 T Sgen | Ms19€X519 + Wiy, =

(compressor 1)

ms34hs34

= Mg345534

B21
(compressor 1)

m535hs35 + Wi, =
Mg36MNs36

M35Ss35 + Sgen

= Mg365s36

Mg34€X534 + Exd
Mg35€Xs35 + Wiy =

B22

Mg37hs37 + Wi =

Mg37Ss37 + Sgen

My36€Xs36 T EXg
Mg37€Xs37 + Wi =

(compressor 1) | rgzghssg = Ms38Ss38 MhggeXas + Exg
B23 (heat m534h534 = ) Th5345534 + Sgen = ms34exs34 =
exchanger) Mzshgss + Qour : Qout M35€Xs35 +
Mg35Ss35 + ’ ;
To Exy .+ Exg
_ out
B24 (heat m536h536 = ) 17'15365536 + Sgen = | Ms36€Xs536 =
exchanger) Mgz7hsz7 + Qour : Qout Ms37€Xs537 +
Mg37Ss37 + ’ ;
To Exy .+ Exg
- - out
B25 (heat m538h538 = ) Ti’lsggssgg + Sgen = | Ms38€Xs38 =
exchanger) Mgzohgz0 + Qout : Qout Ms39€X539 +
Ms39Ss39 + : :
o | BXgpy * EXa
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Table 0.3 The exergy destruction and exergy efficiencies of all the components of hydrogen
production Cu-ClI cycle and the subscripts of components and streams are represented from

Figure 3.5.
Component Exergy efficiency Exergy
destruction rate
B1 (heat " MgpXs7 Ex, =
exchanger) U rhgexs + Exg Mg1exsy +
n .
Einn -
. Ms2€Xs2
B2 l/) . Mg3€Xg3 Exy =
(stoichiometric B2 T hg,ex 4+ mgex mgex +
reactor) Mmgyex —
. . Mgz €Xsy
B3 (separator) _ MgseXgs + M6LXse Exg
B3 — . = 7
Mg36Xs3 = Ms3€Xs3
- (mssexss
. _+ MMs6€Xs6)
BS Vps = Ms10€Xs10 Exg =
I : Bs = — - . :
(stoichiometric MgreXs7 + Mgo€Xso + Exg, Mg7€Xs7 +
reactor) Mg9€Xs9 +
Exgp, =
Ms10€X510
B6 (heat d’ Ms9€Xs9 Exd =
exchanger) PO thggexss + Exg MggeXsg +
n .
Einn -
i i ms9ex59
B7 (separator) _ Mg11€Xs11 + Mgyp€Xs17 Ex; =
B7 — . y
msloexslo Mg10€Xs10 —
(msllexsll +
. Mg12€X517)
88 E\heat ll} _ m513ex513 + ExQ'out E:xd =
exchanger) B8 TMg12€X512 Ms12€Xs12 —
(m513ex513 +
. Exgp)
B9 Wgo = Ms16€Xs16 Exy =
i ; B9 — . . i 1
(stoichiometric Mg13Xs13 + Mg17€X517 + W, Ms13€Xs13 +
reactor) Ms17€Xs17 +
[/Ve —_
i T.hsl6exsl6
Bth(heat Doio = Mgy7eXs17 + Exg Exq =
exchanger) B10 M6 Xt Ms6€Xs6 —
(Ms17€Xs17 +
EX )
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B11 Vi = Ms19€X519 + Ms520€Xs520 Ex, =
(separator) Bl M16€X516 Ms16€Xs16 —
(Mg19€Xs19 +
Ms20€Xs20)
B12 (heat . _ Msp1€X521 E'xd =
B12 = = - ;
exchanger) Tsz0€Xsz0 + Exg, Ms20€X520 +
Einn -
Ms21€X521
exchanger) _ Msq€Xsq + My15€X515 + M23X523 + My25€Xs525 | 1igyq X511 +
Mg11€Xs11 + Mep2€Xs0n + Mep4€X 504 + Mgz0€Xs30| Ms226Xs22 +
My24€X524 T+
Mg30€Xs30 —
(ms4exs4 +
Mg15€Xs15 +
My236Xs23 +
_ m_szsexszs)
B14 y Mgp2€Xs20 + Woyue Exq
(Turb|ne 1) B14 — mslSex515 = m.515ex515
- (?”nszzexszz
' . + Wout)
B15 Vs = My26€Xs26 T Ms27€Xs27 Exg4
B15 = : — 7
(Dl‘yer) mleexSZ]_ - mSZlexSZI
— (Mgz6€Xs26
i + m527ex527)
B16 ] l/) _ m524ex524 + Wout Exd
(Turblne 2) B16 m523ex523 = m.523ex523
- (Tn524ex524
_ + Wout)
B17 _ Ve = My8€Xs28 + Wour Exq
(Turbine 3) B17 Mgys€Xsrs = Mys25€Xs25
- (Tnszsexszs
. + Wout)
B18 (pump) Vo = Ms30€Xs30 Exg4
B18 = : — ¥
M29€Xs29 + Win = Ms29€%s29
+ Wi,
. — Ms30€Xs30
eBxlcgthZaetr) Yore = Msa9€Xsp9 + EXxg . Ex‘{l
- = Myg€X
Msr8€Xs28 52857528
- (_msz9exsz9
+EXg,,)
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B20 Do = M34€Xs534 Exg
B20 — . i — 1
(compressor 1) Mg19€Xs19 + Wip, = Ms19€Xs19
+ Wi,
. — Ms34€X534
B21 Vas = M336€X536 Exg4
B21 — . i — 1
(compressor 1) MgzseXszs + Wip = My35€Xs35
+ Wi,
. — Ms36€Xs536
B22 Dy = M;38€Xs38 Exg4
B22 — . i — 1
(compressor 1) Thgz7€Xs37 + Win = Ms37€Xs37
+ Wi,
. — My38€Xs38
Bz3h(heat p, | Mt + Exg,,, Exq
exchanger) B23 Mg34€X534 = Ms34€Xs34
- (m5356x535
_ + ExQout)
Bz4h (heat by = MmOy + EXgy, Exq
exchanger) B24 Tesg€Xsag = Ms36€Xs536
- (ms37exs37
_ + ExQout)
825h(heat by = Thsa00sa0 ¥ Exg, Exq
exchanger) B25 Tieag€Xgag = Ms3€Xs38
- (_ms39exs39
+ ExQout)

The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows:

_ WTurb(14)+WTurb(16)+WTurb(17) (4 27)
MSRC mgi3(exXss—exs13) '

The heat released from the condenser can be formulated as:

Qheating = 1y7(h37 — hze) (4.28)

The overall energy efficiency of the hydrogen integrated system 2 can be written as:

__ mp,LHVY, +Qheating+Wout
Tlov = QintWin (4.29)
Wout = WTurb(14) + WTurb(16) + WTurb(17) (4.30)
Win = Vi/e + Wcompl + Wcompz + Wcomp3 + WBlS (4-31)
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The overall exergy efficiency of the hydrogen integrated system 1 can be written as:

my,exy, +Etheating +Wout

Yoo = (4.32)

ExQSI +Win

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:

Nre = —our(BD (4.33)

Mss(hss—hs10)

The exergy efficiency of the subsystem Rankine cycle (RC) can be described as:

Yre = _ Wrurb@B2) (4.34)

Tgs(exss—exsio)
The energy efficiency of the thermochemical Cu-Cl cycle is as follows:

mH2 LHVy,
Qin+We

Neu-c1 = (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 Entropy balance Exergy balance
equation equation equation
B1 (heat Mg hgy + Myzhgs + | Mg1Sgq + Mg€Xgq + Mgz€Xs3 +
exchanger) Ms1ohsio = Mg3Ss3 + Ms10€Xs10 =
Msalsz + Msahsy + | Ms10Ss10 + Mgz€Xsy + MggXs4 +

Mgs hsS

Sgen = Mg2Ss2 +

m553x55 + Exd

Mg4Ssa + ms_SSSS

B2 (turbine) Mgshgs . Mg5Sss + Sgen 1i.155ex55.= MgreXg; +
= Mg he7 + Wour = Mg7Sg7 Woue + Exqg
B3 (heat Mgrhgy . Mg7Ss7 + Sgen Ms7€Xs7 = Ms9€Xsg +
exchanger) = Mgohgg + Qpur _ Qout | EX6pue T EXa
= Mg9Ssg + T_
0
B4 (pump 1) Thsohgo + Win = Mg9Ss9 + Sgen = Mg9€Xg9 + Win =
Ms10hs10 M410Ss10 Ms10€Xs10 + Exg
B6 (heat Mgishsiz + Qm = | Mg13Se13 + Sgen + | Ms13€X513 + Eme =
exchanger) Ms14hs14 % = Tg14Ss14 Ms14€Xs14 + Exg
0
B7 (heat Msi1hsis + Qi = | Ms11Ss11 + Sgen + | Ms11€X511 + Einn =
exchanger) Ms12hs12 % = Tg12Ss10 Ts1Xs1 + EXg
0
B8 Mg1ahsia + Mg14Ss14 + Mg14€X14 +
(stoichiometric | 1,y0h 00 = Ms29Ss29 + Sgen = | Ms20€X20 =
reactor) Mg15hs1s Tg1sSg1s TsiseXs1s + Exg
B9 (separator) Mgishsis = Ms15Ss15 + Ms15€Xs15 =
Ms16hs16 + Sgen = Ms16€Xs16 +
Mg17hs17 Ts16Ss16 + Mg17€Xs17 + Exq
Ms17S517
B11 Mgiohsip + Ms12Ss12 + Mg12€X512 +
(stoichiometric Ms1ohs1o + Qin = | Ms19Ss19 + Sgen + | Ms19€X519 + Einn =
reactor) Mgr0hs20 % = My90S520 Msz0€Xs20 + Exq
[1]
B12 (separator) Mgohsy0 = Mg20Ss20 T Mgp0€Xs20 =
M1 521 + Sgen = Mgp1€X521 +
Moo N2z Mgp1Ss21 + Msa2€Xs2z + Exg
M522S522
B13 (heat MgpaNsan = Mg22Ss22 + Mg22€X527 =
exchanger) Th524h524 + Qout Sgen = . rh524ex524 + ExQout +
Mg24Ss24 + Q;:t Exq
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B14 Mgighsig + Ms18Ss18 Ms18€X518 +
(stoichiometric Mgahsos + W = | + Ms248524 + Sgen | Ms2a€Xs2a + We =
reactor) Msa5hsos = Ms25S525 TsaseXsas + Exq
B15 (heat Mgi7hg17 = Ms17Ss17 + Mg17€X517 =
exchanger) m518h518 + Qout Sgen = ) m5183x587 + ExQout +
Ms18Ss18 + Q;:t Exq
B16 (separator) | mgshgys = M258s25 + Msy5€Xs25 =
Msz6Ms26 + Sgen = Ms26€Xs26 T _
Mso7hs27 Mg26Ss26 + Mgy7€Xs27 + Exg
i 27527 . :
B17 (heat Msa7hs27 + Qin = | Ms27S527 + Sgen | Ms278X527 + Exy, =
exchanger) Ms28Ms28 Qin . MgygeXsrg + Exg
+ T_o = Ms28Ss28
B18 Mgoghsog = Msy8Ss28 T Mgrg€Xsog =
(Dryer) Msz9Ns29 + Sgen = Ms29€Xs29 + .
Mgzohs30 Mg29Ss29 + Mgzo€Xs30 + Exq
MMs30S530
B20 (COMPressor | iv,hpe + Win = | Titsa6Ss26 + Msz6eXs26 + Win =

1) Mg31hs31 Sgen = M31Ss31 Mg31€Xs31 + Exg
B21 (compressor | migshggs + Wiy, = | Mis33Ssaz + Mg336Xg33 + Wiy =
1) Mg34hs34 Sgen = Ms345534 My34€Xs34 + Exg
B22 (compressor | migghgse + Wiy = | Mis36Ss36 + M36€Xg36 + Wi, =
1) Mg37hs37 Sgen = Ms375s37 My37€Xs37 + Exg
B23 (heat Mg31hs3 = ' 7_515315531 + Mg31€Xs31 = _
exchanger) ms33h533 + Qout Sgen = m533ex533 + ExQout +
. Qout ;
M433Ss33 T T, Exq
B24 (heat Mszahszs = Ms34S534 T Mg34€Xs34 =
exchanger) Ms36hsze + Qout Sgen = Mg36€X536 + ExQout +
. Qout ;
My36Ss36 T T, Exq
B25 (heat Mgz Ns37 _ Ms37Ss37 + Mg37€Xs37 _
exchanger) = Mg39Ms39 + Qout Sgen = = My39€Xs39 + ExQ'out
. Qout ’
Mg39Ss39 + T, +Exq
B26 (heat Ms17hs17 + Ms17Ss17 Mg17€Xs17 +
exchanger) Msarhsar + + Mg42S542 Mgy2€X542 +
MsgaNsaq + T Mg44Ss544 _ M44€X544 +
mS48hS4-8 = + m548554—8 + Sgen ms48€x548 =
Ms1ghs1g + = TMs18Ss18 Mg18€Xs18 +
M1 hsaq + + MMg41Ss41 Ms41€X541 +
Msqzhses + + Mg43S543 Ms43€Xs43 +
Msas5hsys + Mga5Seas Mg45€X545 + EXg
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B27 Miga1Ngaq . Msa1S541 + Mga1€X5a1 =
(Turbine 1) = MgazNsaz + Woue Sgen = Ms42Ss542 Ms42€X542 + Wour +
Exd
B28 ) Ms43h543 ) T_fls435543 + Mg43€X543 = )
(Turbine 2) = Mggahsaa + Wour | Sgen = MsaaSsaa Ms44€Xs544 + Woue +
Exd
B29 ) Mgashsys . T.hs455545 + Mgy5€X545 = )
(Turbine 3) = Mgsehsae + Wour Sgen = Ms46Ss46 Ms46€Xs546 + Wour +
Exd
B30 (heat Ms46hsae _ 7.hs465546 + Ms46€Xs46 = _
exchanger) = Mga7Nsa7 + Qout | Sgen = . Mgy7€Xsq7 + Exg  +
. Qout ;
Mg47S547 + Ty Exd
B31 (pump) Mgazhsy7 + Win = ms47ss47 + Mg47€Xs47 + Win =
Ms4ghsag Sgen = Ms4gSsag | Msag€Xsag + EXy
Pump 2 Myghay + Win = M44S4a + Sgen = | MageXag + Wiy =
m45h45 m45545 m45ex45 + Exd
Filter Myshys = Maghss | MusSss + Sgen = | Mas€Xas =
m46546 Mye€X4e + Exd
3'Way VaIVe m46h46 = m46546 + Sgen = m46ex46 =
My7hy7 + Msyhsy My7S47 + Ms51S51 m47ex47 +
msexs; + Exy
Throttle valve 1 | g hsy = Msyhsy; | sy Ss; + Sgen = | Ms1€X51 =
Th52552 MsyeXsp + Exd
Chemlcal Th47h47 = Th48h48 Th47S47 + Sgen = m47ex47 = .
treatment TagSas TygeXsg + Exg
Pump 3 Myghyg + Wi = MygSag + Sgen = | MygeXyg + Win =
m49h49 m49549 m49ex49 + Exd
RO module Ti’l49h49 = Th50h50 Th49549 + Sgen = m49ex49 = .
m50550 Mso€Xs5o + Exd
Mixing chamber | mgyhsy + Ms50Ss0 + MgoeXsg +
Msahsy = Mszhss | MsySsy + Sgen = | Ms2€Xs2 =
m53553 Mg3€X53 + Exd
Throttle valve 2 Ti’l53h53 = Th54h54 ‘rh53853 + Sgen = m53ex53 =

M54S54

MsaeXsy + Exy

Qin = Qg + Q57 + Qp10 + Q11 + Q17 + Qg + Opas + Opzs + Op2s

(4.36)

The exergy efficiency of the thermochemical Cu-Cl cycle is as follows:

mHZ exHZ

Yey-c1 =i ) ;
Einn+We
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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
Bl (heat Wy = Ms2€Xsp + Mgg€Xsy + Mgs€Xss Exd = Mg X5 +
B1 — —. 3 5 .
exchanger) M1 eXs1 + MgzeXg3 + Me10€X10 Mgz€Xg3 +
Ms10€Xs10 —
(Mgzexs; +
_ ms4exs4 + msSexss)
B2 (turbine) MgreXs7 + Woye Exg = mgsexss —
Bz~ Mes€Xss (ms7exs7 + Wout)
B3 ﬁhiat r Vas = Mg9eXso + EXg . EJ.Cd = MgreXey —
exchanger) B3 Mer€Xg (MgoeXxso + Exg, )
B4 (pump 1) _ Mg19€Xs10 Exg = mgoexgo +
B4 — . ; H .
Mg9€Xs9 + Win Win — Ms10€Xs10
B6 (heat ll) m514ex514 Exd - m513ex513 +
B6 — . D . .
exchanger) Ms13€Xs13 + Exg. Exg,, — Ms14€X514
B7 (heat ¥ Ms12€X512 Exq = mgi1ex511 +
B7 — . . : .
exchanger) Mg1ieXs11 + Exg, EXxy,, — Ms128Xs512
B8 l/) _ Mg15€X515 Exd = Th514ex14 +
.- . BS — . . Y
(stoichiometric Mg14€X14 + Ms29€X 759 Mg29€X29 —
reactor) MMs15€Xs15
B9 (separator) Wpo = Ms16€Xs16 + Ms17€Xs517 Ex, = mgsexss —
B9 — B y
Mg15€Xs15 (Ms16€Xs516 +
. 7?1517395517)
B11 Yors = Ms20€Xs20 Exq = msipeXs12 +
- - - Bll — R . . . -
Ezgz:lt%r;l)omet”c Mg12€Xs12 + Ms19€Xs19 + Exg,, Ms19€Xs19 + EXg,, =
Ms20€Xs520
B12 . _ Msp1€X521 + Msrr€Xsor Exd = M0€X520 —
(separator) B12 Mg0€Xs20 (Ms21€Xs21 +
. Tflszzexszz)
g 3 mszzexszz (m524ex524 + ExQout)
B14 Vi = Mg25€Xs25 Ex; = Mg gexsg +
inhi i B14 — : i : i
(stoichiometric Tg1g€Xs1g + Mepa€Xoq + W, Mgp4€X524 + W —
reactor) Msy5€Xsos5
815;] (heat . MsigeXsgy + Exg, Exq = msi7€X517 =
exchanger) B15 (Ms1gexsg7 + Exg,,,)

Mg17€X517
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B16

My26€Xs26 T Ms7€Xs27

Exg = mgysexgs —

(separator) ¥p16 = Mp5€Xso5 (Ms26€Xs26 +
. T_hsz7exsz7)
B17 (heat Y1y = Ms528€Xs28 Exq = mgysexsp7 +
B17 = 7 - : ;
exchanger) Msp7€Xspy + Exg. Exy,, — Ms2g€Xs23
B18 Vo = Ms29€X529 T M30€Xs30 Exq = MmgpgeXszg —
(Dl’yel’) B18 mszgexszg (m529ex529 +
. T_ns3oexs3o)
B20 Vo = Ms31€Xs31 Exqg = MsyeeXsz6 +
B20 = p i :
(compressor 1) M26€Xs26 + Win V.Vi" — 1Mg31€Xs31
B21 Vgt = Ms34€X534 Exg = mgzzexgss +
B21 = : i :
(compressor 1) MeazeXsas + Win V.Vi" — Mg34€X534
B22 Wiy = M37€Xs37 Exgq = mgeeXs3e +
B22 — . ; i ;
(compressor 1) Ms36€Xs36 + Win Wi — Ms37€Xs37
B23 (heat MgzzeXs3z + Exgy Exg; = mg3iexg3q —
exchanger) Ypas = s ns (1hszzexszs + Exg, )
B24 (heat Mgze€Xs36 + Exg Exq = mgzseXs34 —
exchanger) Ypoa = oan€%ons (hszexs36 + Exg, )
B25 (heat Msz9€Xs39 + EXxg, Ex; = mgzyexgs; —
exchanger) Ypas = SR (Msz9€Xs39 + Exg, )
B26 (heat l/)BZG Exd = m517ex517 +
exchanger) _ Mg18€Xs18 T Meg1€X5a1 T Ma38Xs43 + Msas€Xy 1hgy,eX0y, +
Ms17€Xs17 + Ms42€X547 + My44€Xsaq + Megg€X] MsaaXs4q +
M48€X548 —
(msl8exsl8 +
M41€Xs41 +
M43€X543 +
i Tfls45€xs45)
B27 _ Yoo = Mga2€Xsa + Woyr Exq = Mgs1€Xsa1 —
(Turbine 1) B2y Ms41€X541 (Ms42Xs542 + Wour)
828 ) lp _ m544ex544 + WO‘LLt Exd = ms43ex§4—3 -
(Turbine 2) B28 Mgy3€Xsa3 (Ms44€Xs544 + Wour)
B29 _ ” _ Mg46€Xsa6 + Wour Exq = m54sex5.45 -
(Turbine 3) B29 Tity45€X s (ms4-6ex:s4-6 + Wout)
B30 (heat ’ MgareXesr + Exg, Exq =
exchanger) B30 = ToneCXane Ms46€Xs46 —
(Mga7€Xsa7 + Exy )
B31 (pump) _ Ms48€Xs4g Exq = Mgy7€Xsq7 +
B31 = : i :
ms47ex547 + Win Win - mS4SexS48
Pump 2 _ MyseXys Exg = mysexsy +
d)Pump 2 = i

Mys€Xs4 + Wiy

Win — Mysexys
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Filter Briteer = M46€X46 E.'xd = Mys5€Xys —
M45€X45 My6€Xs6
3-way valve " | MyyeXy; + Ms1€Xsq Exg; = mygex,e —
3-wayvalve = My€X46 (Mmyzex,; + Msiexsq)
Throttle valve " _ MsyeXs; Ex, = ms exs, —
1 Thvalve 1 m51ex51 mszexsz
Chemical ” _ TMygeX,g Exy = My ex,; —
treatment Chem treatment — m47ex47 m48€X48
Pump 3 " _ MM549€X 549 Exd = MyglXug +
PUMP 3 T i 1a€Xeag + Win Win — My9€X49
RO module " _ MsoeXso Exy = Myoexsg —
RO module m4gex49 msoexso
Mixing Duries _ Ms3€Xs53 Exy = mgoexsy +
chamber Mixing chamber ™ ) . oxco + Mhsyexs, Mgy€Xs5y — Ms3€Xs3
Throttle valve " _ Ts4€Xss Exy; = mgzexs; —
2 Th valve 2 m53ex53 m54ex54

Einn = ExQBe + +EXQB7 + ExQBlO + ExQBll + ExQBl7 + ExQBa + ExQBzz + ExQBz4 +

Exgp,s (4.38)
The energy efficiency of the multistage Rankine cycle (MSRC) is as follows:

_ Wrurb@ntWrurbze) *Wrurb(29)
Musrc = Titg17(hs1g—hs17) (4.39)
The exergy efficiency of the multistage Rankine cycle (MSRC) is as follows:
Watsre = Wrurb27) ¥ Wrurb28) *Wrurb(29) (4.40)

mg17(exXs13—€Xs17)

The additional heat flow from the condenser is used for the heat output which can be

expressed by the relation:

Qheating = m38(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]

Nro = _ Miwliw (4.42)

Win,ro+Mswhsw
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Win,RO = Wpumpz + WpumpS (4-43)

Pro = e Le e (4.44)

Winro+MsweXsw

In the equations mentioned above, fw represents fresh water, sw represents sea water and

Winro represents the total work of two pumps.
The overall energy efficiency of the hydrogen integrated system 3 can be written as:

‘IthLHVHZ +Wnet+mfwhfw+Qheating

T]OU - QSl+mswhsw (445)
The overall exergy efficiency of the third system is given as follows:

My, exy, +Wypet+m ey exry+EX ;
lpov _ Hy€AH,p net f f Qheat ng (4.46)

Qs1t+Mmswexsy

Wnet = WTurb(BZ) + I/I./Turb(BZ7) + WTurb(ZS) + WTurb(29) - l/i/e - Wcompl - Wcompz -

Wcomp3 - Wpump B4 — WBBl - Wpumpz - I/i/pump3 (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.
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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 kals
Work rate 1.326 MW
Hydrogen production rate 64.8 kag/h
Hydrogen production pressure 750 Bar
Hydrogen production temperature 25 °C
Energy efficiency 39.8 %
Exergy efficiency 40.5 %

The exergy destruction rates of the hydrogen production Cu-ClI 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.
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9

Exergy destruction rate (kW)
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0
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B4 B28 B29 B31 B25

System components

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.
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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.
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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.
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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 H.O
entering into the heat exchange B1 associated with the Cu-ClI cycle on the heat duty of the
same stream and the turbine power. Two mole of H>O produces one mole of hydrogen so
it is studied that how heat is increasing by increasing the moles of H.O which increases the
hydrogen production. As the number of moles of H»O 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.
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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 H20, 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 H.O 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-ClI 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%.
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Figure 5.10 Number of moles of H,O plotted against the heat duty and inlet turbine temperature.
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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 °C 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 °C
Flue gas flow rate 31.71 ka/s
Hydrogen production rate 140.8 ka/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.
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Figure 5.13 Exergy destruction rates of the components including the Cu-Cl cycle (component
names referenced in Figure 3.5).

The exergy destruction rates of the components other then the hydrogen production
Cu-Cl cycle are presented in Figure 5.14. The maximum exergy destruction rate takes place
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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.

10

Exergy destruction rate (kW)

1 y
v 7 y ' ’ ' l

B14 Bl16 B17 B18 B20 B21  B22 B23 B24  B25
System components

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.
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consuming devices in system 2.
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The stream S3 contains the water which is used in hydrogen production Cu-ClI cycle
and stream S26 contains CuCl, which reacts with water in hydrolysis reactor B2.
According to the hydrogen production Cu-ClI 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-ClI cycle in Figure 5.17.
The energy efficiency of the hydrogen production Cu-ClI 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.
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Figure 5.17 Production of hydrogen and oxygen with respect to the water and CuCl, 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-ClI cycle. So the number of moles of hydrogen produced is half of
the water supplied to the Cu-ClI 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.
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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.
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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%.
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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 °C 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%.

88



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 kals
Work rate 1.811 MW
Hydrogen production pressure 750 Bar
Hydrogen production temperature 25 °C
Hydrogen production rate 43.2 ka/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-ClI 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.
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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).
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Figure 5.23 Exergy destruction rates of components excluding the Cu-ClI cycle.
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The effect of changing water flow rate in stream S3 which is leading towards the
hydrogen production Cu-Cl cycle is discussed on the heat duty of the same stream and the
turbine power. As the heat duty of the stream S3 will increase, the heat duty of the stream
associated with Rankine cycle will decrease simultaneously. Figure 5.25 shows that with
the increase in inlet water flow rate, the heat duty associated with the same stream starts
on increasing. While the turbine power starts on decreasing with the increase in the inlet

water flow rate.

In Figure 5.26, the effect of input water flow rate which enters into the Cu-Cl cycle
is discussed on the turbine inlet temperature and turbine work. With the increase in input
water flow rate, the heat duty associated with this stream starts increasing and as a result,
the heat duty associated with the Rankine cycle stream starts decreasing. This reduction in
the heat duty leads to the decrease in turbine inlet temperature and reduced turbine inlet

temperature causes the decrease in turbine work.
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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.
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93

910



To0Or  EOO

TEOOF

-8 Heat duty (kW)

<& Qutlet stream temperature (C)

TT00F

7500

TE00F

T400r

Heat duty (kW)

T300r

7200

T

To0o- 550 L L L L

I I 1 ! L I
1100 1105 110 115 1120 1125 130 1135 1140 1145 150 1155 L) 1165 1170 175 1180 1185 1190 185

Flue gas flow rate (kg/h)

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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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 HCI gas on the heat duty and total work rates of the
turbines. With increase in the mass flow rate of HCI 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.
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Figure 5.31 Effect on inlet temperature of HCI on total work rate of turbines and heat duty.
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The specific work of low pressure pump (pump 2) and high pressure pump (pump
3) included in reverse osmosis desalination unit is compared with the previous study.
Figure 5.33 displays the comparison of the current result and previous study in terms of the
specific work of both pumps. The specific work is considered because both systems are
dealing with different mass flow rates of water.

The results of the efficiencies of reverse osmosis desalination unit are compared
with the previous study conducted on the same type of desalination unit. The energy and
exergy efficiencies concluded in that previous study were 60.3% and 30% respectively.
While the efficiencies found is this thesis are much closer and comparable to this study.
The energy and exergy efficiencies of reverse osmosis desalination unit are found to be
62.86% and 29.69% respectively [87]. The comparison of the energy and exergy
efficiencies of current results and previous study is plotted in Figure 3.34.

Figure 5.35 exhibits the effect of water flow rate circulating as a working fluid on

the turbines work rates and the pump work rate consumed. It shows that with the increase
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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.
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Figure 5.33 Comparison of specific work rates of desalination pumps with a previous study [87].
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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.
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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.
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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.
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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.
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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
see its effect on the energy and exergy efficiency of the system. Figure 5.42 shows the
effect of recovery ratio on the energy and exergy efficiency of desalination unit. So with
the increase in recovery ratio, both energy and exergy efficiencies of the desalination unit
increase.

103



Pressure,, .3 (kPa)

3500 4000 4500 5000 5500 6000 6500 7000 7500
36 270
32 240
® Wpump?2 ?
28 @) 210
O Wpump3 (@]
24 O 180
o .
S 20 Q ) 150
= 0 °
8 16 o} L 120
€ 0 L4
3 °
o
x 12 ° 90
o ')
= ge 60
4 30
0 0
350 400 450 500 550 600 650 700 750
Pressure,,,,, (kPa)

Figure 5.40 Variation in the work rates of pumps by changing the pressure ranges.
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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.
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Figure 5.42 Effect of recovery ratio on energy and exergy efficiency of reverse osmosis
desalination unit.

Figure 5.45 shows that with an increase in the ambient temperature, the energy
efficiency of the reverse osmosis desalination unit remains constant while exergy

efficiency decreases with the increase in ambient temperature.

In Figure 5.47, the exergy destruction rate, work rates and exergy efficiency of the
work producing or consuming devices are presented [61]. The maximum exergy
destruction rate and work rate takes place in pump B4 and maximum exergy efficiency
belongs to the third compressor B22. The second highest exergy destruction rate and work

rate occurs in third compressor B22 while second highest exergy efficiency belongs to

105



second compressor B21. The exergy destruction rate, exergy efficiency and work rates of

other devices are also presented in Figure 5.47.
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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
presented in Figure 5.48. The energy efficiency of the Rankine cycle in system 3 is 28.97%
and exergy efficiency is 31.23%. The energy efficiency of the multistage reheat Rankine
cycle is 34.9% and exergy efficiency is 39.47%. And the energy efficiency of reverse

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
5.49. The maximum hydrogen production is provided by the second system which is 140.8
kg/h. The second highest hydrogen production rate is offered by the first system and the
rate is 64.8kg/h. The hydrogen production offered by the third system is 43.2 kg/h. A
comparison of all three systems on the basis of hydrogen production is presented in Figure
5.49.
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Figure 5.44 Effect of fresh water salinity on exergy and exergy efficiency of reverse osmosis
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Figure 5.47 Exergy destruction rate, work rate and exergy efficiency of the work producing and
consuming devices.
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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 CO> 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
CO- emissions which can be avoided by each system is presented in Figure 5.51. The

maximum amount of reduced CO- emissions is obtained for system 2.
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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 ¢/m?3,
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.
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Figure 5.51 CO; emissions comparison of all three designed systems.

5.4 Model validation

The designed systems are conceptually validated though the first and second law of
thermodynamics. All four (mass, energy, entropy and exergy) balances are applied on each
component of the designed systems. No thermodynamic law is violated during the
thermodynamic analysis of the designed systems. All the results of the subsystems are
compared with the currently available experimental results and validated. Integrated
systems recovering the industrial waste heat are designed in Aspen Plus software which is

also a kind of validation.
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Figure 5.52 Cost comparison of all three designed systems.

The experimental results shows that increasing temperature of hydrolysis reactor
results in increasing the production of CuCl as well with the production of Cu20ClI; by
CuCl, conversion. Therefore, temperatures around 375°C and smaller particles are
suggested for increasing the production of Cu20Cl; by reacting CuCl. with H2O to for the
second generation reactor design. One more result was concluded that with the high flow
rates of carrier gas, the formation of CuCl increases but increased mass transfer also results
in increasing Cu2OCl, production. The comparison of the experimental result with this

simulated system is provided in Table 5.4.

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
U] Y 1 Y 1 Y

Proposed system 40.4 41
Lewis et al. (2009) | 40.4
Naterer et al (2009) 43
Orhan et al. (2008) 43 7.9
Ferrandon et al. 39
(2008)
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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-ClI 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:

e 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.

e Waste heat from the cement slag is utilized to produce heating and 140.8 kg/h of
hydrogen.

e 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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e The overall energy efficiency of the system 1 is 39.8% and overall exergy
efficiency is 40.5%.

e The energy efficiency of the system 2 is 32.5% and the exergy efficiency is found
to be 31.82%.

e The energy efficiency of the system 3 is 48.6% and the exergy efficiency is found
to be 40.2%.

e 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:

e Future studies should integrate more than one source of energy with
thermochemical hydrogen production Cu-Cl cycle.

e Additional supporting systems in all three proposed systems contain the main part
of exergy destruction of the overall systems.

e Some other systems providing the same purpose should be replaced with
subsystems of designed systems in order to obtain more performance assessment.

e Further research should be conducted for experimental validation of the systems.

e Optimization of the designed systems should be considered in future studies.

e Anexergoeconomic analysis and cost analysis should be conducted for the systems.

e Integrated systems with thermochemical cycle should consider a proper heat
delivering and recovering method.

e 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-ClI cycle.
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