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ABSTRACT

EXERGY AND EXERGOECONOMIC ANALYSIS OF GEOTHERMAL
ASSISTED HIGH TEMPERATURE ELECTROLYSIS

AYANOGLU Abdulkadir
M.Sc. in Mechanical Engineering
Supervisor: Prof. Dr. Mehmet KANOGLU
August 2010, 109 pages

In this thesis, energy, exergy, and exergoeconomic analysis of a geothermal assisted
high temperature electrolysis process is performed. Energy and exergy analysis is
applied to each component of the system for three environment (dead state)
temperatures: standart environment temperature (25°C), summer temperature (11°C)
and winter temperature (-1°C) at a given location. Energy and exergy performance
parameters such as heat, power, exergy destruction, and exergy efficiencies are
determined for three dead state temperatures. Heat exchanger network and high
temperature electrolysis unit are primarily responsible for exergy destructions in the
system. Cost analysis is applied to each component of the system. The cost functions
of each stream in the plant are obtained using specific exergy costing (SPECO)
method. Cost relations at the component level are related with certain
exergoeconomic variables in the system. The capital investment cost, the operating
and maintenance costs and the total cost of the system are found to be 422.21 €/kWh,
2.04 €/kWh and 424.25 €/kWh, respectively. The net electrical power input to the
system is 122,129 kW for high temperature electrolysis. The specific unit exergetic
costs of the power input to the system are 0.17 €/kWh, 0.20 €/kWh, and 0.24 €/kWh
at 25°C, 11°C, and -1°C, respectively. Cost of hydrogen production is determined to
be 1.6 €/kWh for 1 kg of hydrogen production. The cost of steam entering the system
is obtained as 2.73 €/kWh.
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OZET
Jeotermal Destekli Yiiksek Sicaklik Elektrolizinin

Ekserji ve Eksergoekonomik Analizi

AYANOGLU Abdulkadir
Yiiksek Lisans Tezi, Mak. Miih. Boliimii
Tez Yoneticisi: Prof. Dr. Mehmet KANOGLU
Agustos 2010, 109 sayfa

Bu caligmada, jeotermal destekli yiiksek sicaklik elektrolizin enerji, ekserji ve
eksergoekonomik analizi yapilmistir. Sistemin her bir birleseni igin belli bir yer i¢in
standart ¢evre sicakliginda (25°C), yaz sicakliginda (11°C) ve kis sicakliginda (-1°C)
enerji ve ekserji analizleri yapilmistir. Enerji ve ekserji parametrelerinden olan 1si,
gii¢, ekserji yikimi ve ekserji verimliligi {i¢ 6li hal sicakligi i¢in bulunmustur. Is1
esanjorleri ile yiiksek sicaklik elektrolizi tinitesi ekserji yikimmin en fazla oldugu
yerlerdir. Sistemdeki her bir bilesenin maliyet analizi yapilmistir. Sistemdeki her
akimin maliyet fonksiyonlari, birim ekserji maliyetlendirme (SPECO) metodu
geleneksel ekonomik metotlarla biraraya getirilerek hesaplanmistir. Elde edilen
maliyet degerleri ekserjiye bagli  tanimlanan ekonomik  degiskenlerle
iligkilendirilmistir. Sistemin ilk yatirim maliyeti, bakim ve onarim maliyeti ve toplam
maliyeti swrasiyla 422.21 €/kWh, 2.04 €/kWh ve 42425 €/kWh olarak
hesaplanmistir. ~ Sistemdeki yliksek sicaklik elektroliz i¢in 122,129 kW elektrik
enerjisi kullanilmistir. Giig girisi i¢in birim ekserji maliyeti 25°C 6lii hal sicakliginda
0.17 €/kWh, 11°C’de 0.20 €/kWh ve -1°C’de 0.24 €/kWh olarak hesaplanmistir.
Sistemden iiretilen birim kiitle hidrojenin maliyeti 1.6 €/kWh bulunmustur. Sisteme

giren buharin maliyeti 2.73 €/kWh olarak hesaplanmistir.

Anahtar Kelimeler: Jeotermal Enerjisi, Hidrojen, Yiiksek Sicaklik Elektroliz,

Enerji, Ekserji, Eksergoekonomik Analiz.
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CHAPTER 1

INTRODUCTION

1.1. Introduction

Energy is an important part of most aspects of daily life. The quality of life,
and even its sustenance, depends on the availability of energy. Therefore, it is
important to have a good understanding of the sources of energy, the conversion of
energy from one form to another, and the ramifications of these conversions. Energy
exists in numerous forms such as thermal, mechanical, electric, chemical, and

nuclear [1].

The world’s energy resources are limited. This caused many countries to re-
examine their energy policies and take drastic measures in eliminating inefficiencies
and waste. It has also sparked interest in the scientific community to take a closer
look at the energy conversion devices and to develop new techniques to better utilize
the existing limited resources. The first law of thermodynamics deals with the
quantity of energy and asserts that energy cannot be created or destroyed. This law
merely serves as a necessary tool for the bookkeeping of energy during a process and
offers no challenges to the engineer. The second law, however, deals with the quality
of energy. More specifically, it is concerned with the degradation of energy during a
process, the entropy generation, and the lost opportunities to do work; and it offers
plenty of room for improvement. The second law of thermodynamics has proved to

be a very powerful tool in the optimization of complex thermodynamic systems [1].

The majority of energy produced in the world today is obtained from fossil
fuels (i.e. coal, petroleum, natural gas), and nuclear energy. In addition, sustainable

and environmentally friendly resources, such as hydroelectric and geothermal,



sunlight, wind, biogas, and wood, are also utilized [2]. With increasing awareness of
the detrimental effects of the burning of fossil fuels on the environment, there has

been an increasing interest worldwide in using clean and renewable energy sources.

13].

Renewable energy sources such as biomass, solar, wind, and hydropower
have enormous potential to provide energy services in more sustainable ways, with
zero or almost zero emissions of both air pollutants and greenhouse gases. Currently
renewable energy sources supply approximately 20% of the world energy demand. A
large percentage of that figure represents traditional biomass, mostly wood fuel used
for cooking and heating, especially in rural areas of developing countries. New
renewable energy sources (solar energy, wind energy, modern bio-energy,
geothermal energy, and small hydropower) contribute about 1% of total primary
energy. The limited contribution of renewables to total energy supply is due to their
characteristics of being low-density, irregular sources and high cost. Substantial price
reductions in the fast decades have brought some of these sources close to competing
with fossil fuels, even at current low prices. Wind and solar energy, while still a
small percentage of total energy consumption, are growing at a rate of 30% per year.
Modern, distributed forms of biomass seem particularly promising for their potential
to provide rural areas with clean, modern forms of energy based on the use of
indigenous biomass resources that have traditionally been used inefficiently and in
polluting ways. Depletion of fossil fuels and environmental considerations have led
engineers and scientists to anticipate the need to develop a clean, renewable and
sustainable energy system. [4]. Geothermal energy, hydropower, solar energy, wind
power and biomass energy are the major renewable energy resources for world in the

future.

Hydrogen is a very efficient and clean fuel. Hydrogen, produced from
renewable energy (e.g., solar) sources, would result in a permanent energy system,
which we would never have to change [5]. Hydrogen produced from water using
renewable energy and technologies becomes a renewable or environmentally benign
fuel. Hydrogen is widely believed to be world’s next-generation fuel, because of its
lower environmental impact and greenhouse gas emissions, in comparison to fossil

fuels. Hydrogen demand is expected to increase very rapidly over the coming



decades. It has been suggested that hydrogen should replace petroleum products for
fueling all forms of transportation (automobile, marine, air and rail) to reduce CO,
emissions, limit dependence on imported petroleum, and prepare for time in which
oil reserves would become exhausted. Besides that, the nuclear and chemical
industries, automobile manufacturing industry, the aerospace industry,
manufacturing of portable sources of power (such as mobiles phones, computers,
everyday technology) and other industrial sectors are all showing great interest in
development of hydrogen as a fuel. The interest in the use of hydrogen in all these
industrial sectors is motivated by both the depletion of fossil fuel resources and the

need of drastically reducing the carbon emissions that affect the climate [6].

Hydrogen produced through renewable energy sources, most commonly with
a device which uses electricity to separate water into hydrogen and oxygen called an
electrolyzer, is an emissions-free way to carry energy. Hydrogen is plentiful and can

safely be harnessed for a variety of stationary and mobile applications [7].

There are several energy sources that can be used for hydrogen production,
such as renewables, nuclear and fossil fuels. One of these alternatives is geothermal
energy which can be used for hydrogen production through electrolysis or high

temperature electrolysis.

Geothermal energy, one of the most promising among renewable energy
sources, has proven to be sustainable, clean, and safe. Geothermal energy provides a
clean, renewable energy source that could dramatically improve our environment,
economy and energy security. Geothermal energy generates far less (almost none) air
emissions than fossil fuels and decreases the reliance on imported energy. Today, in
most ways, geothermal energy has come of age; the technology has improved, the
economics has become more appealing, and substantial progress has been achieved
in reducing environmental impacts. Geothermal energy provides an affordable, clean
method of generating electricity and providing thermal energy. Two challenges for
geothermal energy are that resources are difficult to locate and tend to be found in
rural areas. The fact that they are found in remote areas constrains generation and
direct use development. It is difficult to transmit heat energy or electricity to the

population centers where people will use it. [8]. Then using geothermal energy for



hydrogen production becomes a viable alternative for getting the most out of

geothermal power.

1.2 Thesis Structure

In this thesis we analyze a geothermal assisted high temperature electrolysis
system thermodynamically and thermoeconomically by means of energy, exergy, and
and exergetic cost accounting methods. The outline of the study with respect to

chapters is as follows:

Chapter 1 gives general information about energy, renewable energy, hydrogen

energy and the rational using geothermal energy for hydrogen production.

Chapter 2 presents a detailed literature survey about renewable energy, geothermal
energy, hydrogen energy, electrolysis, and high temperature electrolysis. Previous
work on using geothermal energy for hydrogen production and the current status of

geothermal assisted high temperature electrolysis are provided.

In Chapter 3, general formulations of thermodynamic analysis including both energy
and exergy methods are given. Also, general principles, terminology, and
formulation of thermoeconomic analysis, which is also called exergoeconomic
analysis are presented. The formulations given in this chapter are applicable to

geothermal assisted high temperature electrolysis.

In Chapter 4, thermodynamic analysis of geothermal assisted high temperature
electrolysis process is performed using both energy and exergy analysis. The
calculations are performed and the results are obtained. Exergy efficiencies and

destructions of major components and the overall system are obtained.

In Chapter 5, exergoeconomic analysis of geothermal assisted high temperature
electrolysis system is performed. Cost data is obtained and specific exergy cost
method (SPECO) is used. The results would indicate the sites for losses based on
economic results. The results of the analyses can be used to develop and assess

measures to improve the process and reduce product costs.



In Chapter 6, the overall discussion for the results is provided and main conclusions
from the study are drawn. The results of the energy, exergy and exergoeconomic
analyses can be used to develop and assess measures to improve the process step, and

to reduce product costs.



CHAPTER 2

LITERATURE SURVEY

2.1 Introduction

Renewable energy is energy which comes from natural resources such
as sunlight, wind, and geothermal heat, which are naturally replenished. In 2006,
about 18% of global energy consumption came from renewables with 13% coming
from traditional biomass which is mainly wused for heating, and 3%
from hydroelectricity. The share of other renewable (wind, solar, geothermal)
increases dramatically [9]. Among these sources geothermal energy provides a clean,
renewable energy that could improve our environment, economy and energy
security. Geothermal energy generates less air emissions than fossil fuels and
decreases the reliance on imported energy. Today, in most ways, geothermal energy
has come of age; the technology has improved, the economics has become more
appealing, and substantial progress has been achieved in reducing environmental

impacts.

Renewables on the other hand are desired energy sources for hydrogen
production due to their diversity, regionality, abundance, and potential for
sustainability. That being asserted, there are many challenges to producing hydrogen
from renewables and perhaps the major one is reducing the cost to be competitive
with gasoline and diesel fuels [10]. The geothermal based hydrogen production is
another suitable alternative that uses renewable energy of the geothermal

water/steam to produce hydrogen using a high temperature electrolyses process.



Hydrogen is colorless, highly flammable, light in weight, low melting point,
low boiling point and much lighter than air [11]. Current hydrogen production
sources are 48% natural gas, 30% oil, 18% coal, and 4% electrolysis [12]. Currently
more than 80% of the world’s energy supply comes from fossil fuels. The ongoing
growth in fossil fuel consumption suggests that global carbon dioxide emissions are
still rising [13]. Veziroglu et. al. [14] suggested that the solution to these global
problems would require replacement of existing fossil fuel systems by hydrogen
energy systems. Therefore, hydrogen energy systems appear to be one of the most
effective solutions, and can play a significant role in providing better environment
and sustainability [15]. Hydrogen has the highest specific energy content of all
conventional fuels and is the most abundant element in the universe [16]. Hydrogen
is considered in many countries as an important alternative energy indicator and a
bridge to a sustainable energy future. The promise of hydrogen as an energy carrier
that can provide pollution-free, carbon-free power and fuels for buildings, industry,

and transport makes it a potentially critical player in our energy future [17].

2.2 Geothermal Energy

Geothermal energy is generated from heat stored in the earth, or the collection
of absorbed heat derived from underground [18]. Geothermal energy source can be
used for direct electricity production and/or for heating and cooling applications.
Three main type usages of geothermal energy sources are high temperature, medium
temperature and low temperature. High temperature fields which are 200-350°C, are

suitable for electricty production, and for low and high temperature electrolyses.

Erdogdu [19] presented not only a review of the potential and utilization of
the geothermal energy in Turkey but also provided some guidelines for policy
makers. Geothermal energy, renewable energy and exergy analysis were the most
frequently used keywords appearing in geothermal energy publications, as rewiewed
by Celiktas et al. [20]. Fridleifsson [21] presented a paper for describing the status of
geothermal energy development in the world. He compared the status of the
renewable energy resources. Barbier [22] made a brief discussion on training of

specialists, geothermal literature, on-line information, and geothermal associations.



Renewable energy sources such as geothermal energy, biomass energy, solar
energy, wind power and hydropower are the major resources available in Turkey.
Although the geothermal industry is highly developed in Turkey, excellent
geothermal sources still remain undeveloped since cost for a new natural gas plant is

just half of a new geothermal plant [23].

Turkey has an important place among the richest countries (the first in
Europe, seventh in the world) in geothermal potential. Around 1000 hot and
mineralized natural self flowing springs exist in Turkey. The geothermal resources in
Turkey can be classified into three groups: low temperature fields (<70°C), moderate
temperature fields (70-150°C), and high temperature fields (more than 170°C).
Although they exist all over the country, most of them lie in the Western, North-
Western, and Middle Anatolia. The temperature limit is accepted to be 20°C for
balneological purposes. With the exception this, there are 170 geothermal fields with
a temperature over 35°C in Turkey. Aydin-Germencik (232°C), Denizli-Kizildere
(242°C), Canakkale-Tuzla (173°C), and Aydin-Salavatli (171°C) fields those are
suitable for electricity generation. Depending on the use of new technologies, the
Manisa-Salihli-Caferbeyli (155°C), Kiitahya-Simav (162°C), Izmir-Seferihisar
(153°C), Dikili (130°C), and Denizli-Gdlemezli (under search) fields [23].

Turkey's geothermal power generation plants are:

. Kizildere-Denizli was commissioned in 1984, has 17.8 MWe capacity at maximum
temperature 243°C

Dora-1 Salavatli-Aydin was commissioned in 2006, has 7.35 MWe capacity at
maximum temperature 172°C

. Bereket Energy-Denizli was commissioned in 2007, has 7.5 MWe capacity at
maximum temperature 145°C

Giirmat-Germencik-Aydin was commissioned in 2009, has 47.4 MWe capacity at
maximum temperature 232°C

Tuzla-Canakkale was commissioned in 2009, has 7.5 MWe capacity at maximum
temperature 171°C

Dora-1I Salavathi-Aydin was commissioned in 2010, has 9.7 MWe capacity at

maximum temperature 174°C [24].



2.3 Hydrogen Production by Solar Energy

Solar radiation accounts for most of the available renewable energy on earth
[25]. Pregger et al. [26] studied the increasing industrial hydrogen demand in various
countries. Nakamura [27] analyzed possibilities of producing hydrogen from water
utilizing solar heat at high temperatures. Shabani et al. [28] classified the solar
hydrogen production systems based on the energy input mode. Classification of solar
hydrogen production using solar energy can be classified mainly into four types:

photovoltaic, solar thermal energy, photo electrolysis and biophotolysis .

Steinfeld [29] analyzed a two step thermochemical cycle for hydrogen
production from water using solar energy. Zedtwitz et al. [30] studied three different
methods which produced hydrogen via solar thermal decarbonisation of fossil fuels.
Zini et al. [31] studied twelve case-studies on hydrogen production systems from

direct sunlight.

Ford et al. [32] utilizated solar energy for hydrogen production. Liua et al.
[33] reported two months operation data of China’s first solar-hydrogen system. A
discussion of prospects of solar thermal hydrogen production in terms of
technological and economic potentials and their possible role for a future hydrogen

supply were done by refs. [34-35].

Cherigui et al. [36] studied the development of solar energy system for
hydrogen production. Almogren et al. [37] studied a model for solar-hydrogen
energy system for Saudi Arabia. Padina et al. [38] designed and simulated a new
solar hydrogen production system via high-temperature electrolyser. An industrial-
scale solar-hydrogen demonstration program at Neunburg vorm Wald, Germany was
started in 1986 by a joint venture company Solar-Wasserstoff-Bayern GmbH (SWB)

with the aim to demonstrate solar-hydrogen energy cycle without any carbon dioxide

release [39].

The solar-photovoltaic electrolysis process seems to be the most practical if a

renewable energy source is to be used [40]. Bolton [41] selected four solar hydrogen



systems to show sufficient promise for further research and development: (1)
photovoltaic cells plus an electrolyzer; (2) photoelectrochemical cells with one or
more semiconductor electrodes; (3) photobiological systems; and (4)
photodegradation systems. Several recommendations have been made for future

work in this area.

Zini et al. [42] presented and discussed twelve case-studies on systems that
generate, store and use hydrogen from photovoltaic energy. It included solar
photovoltaic (PV) source for hydrogen generation, and storage and fuel cell for
generating power [43-44]. A simplified solar photovoltaic (PV) model was
developed to optimize thermal and economical performance of domestic

photovoltaic-electrolyzer systems and production of hydrogen [45-46].

Gibson et al. [47] investigated a model for the factors that affect the
efficiency of solar hydrogen generation and to design a more efficient and cost
effective solar powered PV-electrolysis system. Valenciaga et al. [48] studied a
complete control scheme to efficiently manage the operation of an autonomous wind
based hydrogen production system. Honnery et al. [49] examined that wind turbines
are grouped to form arrays that are linked to local hydrogen generation and

transmission networks.

Greiner et al. [50] presented a method for the assessment of wind—hydrogen
energy systems. Clu’a et al. [51] dealt with the control of a hydrogen production
system supplied by wind power and assisted by the grid. Sopian et al. [52] described

the performance of an integrated PV wind hydrogen energy production system.

Xuan [53] discussed the relevant research on biomass to produce hydrogen by
pyrolysis and gasification. Hulteberg et al. [54] integrated a system which was
designed and combined the two processes for the production of hydrogen: i)
gasification of biomass and ii) electrolysis of water. Holladay et al. [55] reviewed
the technologies related to hydrogen production from both fossil and renewable

biomass resources.
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Zhao et al. [56] developed an efficient method for hydrogen production from
biomass. In literature, some potential biomass-based hydrogen production methods
were discussed under two main categories: i) thermo-chemical (gasification,
pyrolysis and SCW), ii) bio-chemical conversions (fermentation, photosynthesis, and
biological water gas shift reaction). One of the most common biomass resources, oil

palm shell was used for producing hydrogen by gasification process [57-58].

2.4 Geothermal Energy Use in Hydrogen Production via High Temperature
Electrolysis (HTE) Process

High temperature electrolysis (HTE) is based on the technology of solid oxide
fuel cells (SOFCs). In order to achieve competitive efficiencies, there have been an
increased interest in intermediate temperature SOFCs which typically operate
between 823 and 1073 K. The HTE uses a combination of thermal energy and
electricity to split water in an electrolyzer similar to a solid oxide fuel cell (SOFC).
The SOFC can make the electrode over potential decrease and the mobility of the
oxygen anion increase. These are advantages for increasing the hydrogen production

efficiency [59-63].

HTE pocess can reach an efficiency of 94%. High Temperature Electrolysis is
a promising method because its most parts consist of environmentally sound and
common materials. Toshiba has been developing HTE technology which has been
selected three hydrogen production technologies according to the heat source

temperature, as presented by Ozaki et al. [64].

Balta et al. [65] studied, geothermal-based hydrogen production methods,
their technologies, and application possibilities in detail. A high-temperature
electrolysis (HTE) process coupled with and powered by a geothermal source is
considered for a case study, and its thermodynamic analysis through energy and
exergy is conducted for performance evaluation purposes. Their study may be
divided into two groups, namely: (i) reviewing and evaluating geothermal based
hydrogen production methods and their current status and applications, and (ii)
energetic and exergetic analyses of an HTE process coupled with a geothermal

source for possible hydrogen production.
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Sigurvinsson et al. [66] implemented a method in a software tool which
performs the optimisation using genetic algorithms. The first application of the
method was done by taking into account the prices of electricity and geothermal heat
in the Icelandic context. They stated that even with a geothermal temperature as low
as 230°C, the HTE could compete with alkaline electrolysis. It appeared from the
results of the optimization that HTE can function with geothermal heat, at

geothermal temperatures above 200°C.

The Jules Verne project, a collaboration between France and Iceland, aimed
at studying and then validating the possibilities of producing hydrogen with HTE
coupled with a geothermal source. The production of hydrogen by HTE appears to be
very promising mainly in the Icelandic geothermal context. One key to the HTE
efficiency was the recuperation of heat at the outlet of the electrolyser by heat
exchangers. The needed heat exchangers were under testing for medium and low

temperatures, but for over 850°C, they still need further development [67].

The performance of electrolysis processes can be improved by functioning at
HTE. This leads to a reduction in energy consumption but requires some of the
energy necessary for the dissociation of water to be in the form of thermal energy,
and the ability to recover some of the heat contained in the outlet products of the
electrolysis. Heat would be obtained by coupling the process either to a high-
temperature reactor or to a geothermal source. A techno-economic optimisation of
the upper heat exchanger network in the HTE process was conducted. It was also
noted that the cost of the input heat can be increased by 10% when coupling the
system to a HTR, whereas it was more than doubled in the geothermal case [68]. Han
[69] studied at a model for the geothermal plant that was set with an inlet

temperature of 200 °C via electrolysis to produce hydrogen.

Water electrolysis might become a competitive hydrogen production method
in the future, with the decline of global fossil fuel reserves, the ever growing
availability of electricity from other renewable energy resources and the technology
improvement of water electrolysis itself [70]. A mathematical model for an advanced

alkaline electrolyzer has been developed. The model is based on a combination of
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fundamental thermodynamics, heat transfer theory, and empirical electrochemical
relationships [71]. Herranz presented a work that deals with the development of a
system to control and monitor the operating parameters of an alkaline electrolyzer
and a metal hydride storage system that allow for a continuous hydrogen production

[72].

2.4 Energy and Exergy Analysis of Hydrogen Production from Geothermal
Energy

Energy and exergy efficiencies are considered by many to be useful for the
assessment of energy conversion and other systems and for efficiency improvement.
Energy and exergy-based efficiencies were used in the analysis of power cycles such
as vapor and gas power cycles, cogeneration cycles and geothermal power cycles

[73].

Ni et al. [74] investigated energy and exergy analysis for thermodynamic—
electrochemical characteristics of hydrogen production by a solid oxide steam
electrolyzer (SOSE) plant. This study provided a better understanding of the energy
and exergy flows in SOSE hydrogen production and demonstrated the importance of
exergy analysis for identifying and quantifying the exergy destruction. They also
conducted energy and exergy analysis to investigate the thermodynamic-
electrochemical characteristics of hydrogen production by a PEM electrolyser plant
and found that the energy and exergy efficienciencies of the system were the same
and were influenced by the operating temperatures, current density and the thickness

of PEM electrolyte.

Balta et al. [65] analyzed a geothermal based hydrogen production system in
terms of energy and exergy efficiencies and reported that the efficiency varies with
the geothermal inlet temperature. This process involved high temperature steam

electrolysis (HTSE) coupled with geothermal source.

Exergy characterizes the thermodynamic quality of a given quantity of energy
[75]. Exergetic efficiency compares the actual performance of a process/system to

the ideal one and exergy destruction quantifies the losses that hinder the

13



performance. Exergy analysis is a very powerful tool for energy systems, particularly
when it is combined with exergoeconomic (i.e., thermoeconomic). Thermoeconomic,
as an exergy-aided cost-reduction method, provides important information for the
design of cost effective energy-conversion plants. The exergy costing principle is
used to assign monetary values to all material and energy streams within a plant as
well as to the exergy destruction within each plant component. The design evaluation
and optimization is based on the trade-offs between exergy destruction (or exergetic
efficiency) and investment cost for the most important plant components.
Thermoeconomic provides the designer with information about the cost formation
process, the interactions among thermodynamics and economics and the interactions
among plant components. This information is very valuable for improving the design

of energy-conversion plants [76-79].

2.6 Conclusions

It is clear that there are a number of studies on using renewable energy
sources for hydrogen production. A limited number of studies are found on using
geothermal energy for hydrogen production. However, there is no study in open
literature on exergoeconomic analysis of hydrogen production by geothermal energy.
In this study, thermodynamic and exergoeconomic analysis of hydrogen production
by geothermal energy via high-temperature electrolysis (HTE) process will be

performed.
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CHAPTER 3

THERMODYNAMIC AND THERMOECONOMIC
ANALYSIS

3.1 Introduction

Energy is the most fundamental term in thermodynamics and energy
engineering. Energy analysis is often one of the most significant parts of engineering
analysis. Energy can be stored within a system in various macroscopic forms, it can
be transformed from one form to another, and it can be transferred between systems.
The total amount of energy is conserved in all transformations and transfers. Energy
balances are widely used in the design and analysis of energy conversion systems.
Although energy balances can determine energy supply requirements in the form of
material streams, heat, and shaft work, they do not provide sufficient information on

how efficiently energy is used.

Exergy is the theoretical maximum of useful work (shaft work or electrical
work) obtainable from a thermal system as this is brought into thermodynamic
equilibrium with the reference environment while heat transfer occurs with this
environment only. Alternatively, exergy is the theoretical minimum of work (shaft
work or electrical work) required to form a quantity of matter from substances
present in the environment and to bring the matter to a specified state. Hence, exergy
is a measure of the departure of the state of the system from the state of the reference
environment. The processes in all real energy conversion systems are irreversible and
a part of the exergy supplied to the total system is destroyed. Only in a reversible

process does the exergy remain constant [1].
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The second law of thermodynamics complements and enhances an energy
balance by enabling calculation of both the true thermodynamic value of an energy
carrier, and the real thermodynamic inefficiencies in processes or systems. The
concept of exergy is extremely useful for this purpose. The real inefficiencies of a
system are exergy destruction, occurring within the system boundaries, and exergy
losses, which are exergy transfers out of the system that are not further used in the
overall installation. Some of the common causes for exergy destruction include
chemical reaction, heat transfer across a finite temperature difference, fluid friction,

flow throttling, and mixing of dissimilar fluids.

Thermoeconomics (i.e. exergoeconomics) is, in its widest possible sense, the
science of natural resources saving that connects physics and economics by means of
the second law of thermodynamics. It is the branch of engineering that combines
exergy analysis and economic principles to provide system designer or operator with
information not available through conventional energy analysis and economic
evaluations but crucial to the design and operation of a cost-effective system [80].
Thermoeconomics assesses the cost of consumed resources, money and system
irreversibilities in terms of the overall production process. They help to point out
how resources may be used more effectively in order to save them. Money costs
express the economic effect of inefficiencies and are used to improve the cost
effectiveness of production processes. Assessing the cost of the flow streams and
processes in a plant helps to understand the process of cost formation, from the input

resources to the final products.

In this chapter we present general formulations of thermodynamic and
thermoeconomic analyses including energy and exergy methods. The formulations
are applicable to hydrogen production with high temperature electrolysis from

geothermal energy sources.

3.2 Energy Analysis

Energy conservation is expressed by energy balances and together with

corresponding mass balances they are widely used in the modeling and analysis of

energy conversion systems.
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3.2.1 Mass Balance

The conservation of mass principle can be expressed as the net mass transfer
to or from a system during a process is equal to the net change (increase or decrease)
in the total mass of the system during that process [1]. In the rate form it is expressed

as

dm
dt

Do =Y i, = (3.1)

where i and e refer to inlet and exit states of the any control volume, respectively.
During a steady flow process, the total amount of mass contained within a control
volume does not change with time (mcy = constant). Then the conservation of mass
principle requires that the total amount of mass entering a control volume equal the
total amount of mass leaving it. For a general steady-flow system with multiple inlets

and exits, the conservation of mass principle can be expressed in the rate form as

Do =, (32)
3.2.2 Energy Balance

Based on experimental observations, the first law of thermodynamics states
that energy can be neither created nor destroyed; it can only change forms.
Therefore, every bit of energy should be accounted for during a process [1,81,82].
The conservation of energy principle may be expressed as follows: The net change
(increase or decrease) in the total energy of the system during a process is equal to
the difference between the total energy leaving the system during that process.
Energy balance for any system undergoing any kind of process can be expressed
more compactly in the rate form as [1]

E —E  =AE (3.3)

system

During a steady-flow process, the total energy content of a control volume

remains constant (Ecy = constant), and thus the change in the total energy is zero.
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Therefore, the amount of energy entering a control volume in all forms (by heat,
work, and mass) must be equal to the amount of energy leaving it. Then the rate form
of the general energy balance reduces for a steady-flow process to
E,=E,, (3.4)
Noting that energy can be transferred by heat, work, and mass only, the energy

balance above for a general steady-flow system can also be written more explicitly as

) ) V2 ) ) V2
Qin +VVin +zmi(hi +?+gziJ = Qout +W0ut +zme(he + 26 +gzej (35)

where hi, he, Vi, V., zi, ze represent enthalpy, velocity, and elevation of mass entering

and leaving the control volume, respectively.
3.3 Exergy Analysis

For the evaluation and improvement of thermal systems, it is essential to
understand the sources of thermodynamic inefficiencies and the interactions among
system components. All real energy conversion processes are irreversible due to
dissipative effects such as chemical reaction, heat transfer through a finite
temperature difference, mixing of matter at different compositions or states,
unrestrained expansion, and friction. Exergy balances assist in calculating the exergy
destruction within system components. Thus, the thermodynamic inefficiencies and
the processes that cause them are identified. Only a part of the thermodynamic
inefficiencies can be avoided by using the best currently available technology.
Improvement efforts should be centered on avoidable inefficiencies. Dimensionless
variables can be used for performance evaluations. Appropriately defined exergetic
efficiency unambiguously characterizes the performance of a system from the

thermodynamic viewpoint.

18



3.3.1 Reference Environment and Exergy Components

The environment, which appears in the definition of exergy, is a large
equilibrium system in which the state variables (7, p,)and the chemical potential of
the chemical components contained in it remain constant when in a thermodynamic
process heat and materials are exchanged between another system and the
environment. This environment is called exergy-reference environment or
thermodynamic environment. The temperature 7, and pressure p, of the
environment are often taken as standard-state values, such as 298.15 K and 1.013
bar. However, these properties may be specified differently depending on the

application. For example, 7, and p, may be taken as the actual or average ambient

temperature and pressure, respectively, for the time and location at which the system
under consideration operates or is designed to operate. For example, if the system

uses air, 7, would be specified as the average air temperature. If both air and water
from the natural surroundings are used, 7, would usually be specified as the lower of

the temperatures for air and water when the installation operates above the ambient

temperature [1,82,83].

Although the intensive properties of the environment are assumed to remain
constant, the extensive properties can change as a result of interactions with other
systems. It is important that no chemical reactions can take place between the
environmental chemical components. The exergy of the environment is equal to zero.

The environment is part of the surroundings of any thermal system.

In the absence of nuclear, magnetic, electrical, and surface tension effects, the

total exergy of a system (E£__ ) can be divided into four components: Physical exergy

sys

E™  kinetic exergy E*, potential exergy E'', and chemical exergy E". Then the

sys ?

total exergy of a system is given by

E,=E, +E™+E" +E™" (3.6)
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The subscript sys distinguishes the total exergy and physical exergy of a system from
other exergy quantities, including transfers associated with streams of matter. The

total specific exergy on a mass basis e, is

e =eM e ey (3.7)

sys — Usys
The physical exergy associated with a thermodynamic system is given by

EL =(U=Uy)+p,(V =Vy) =T, (S=S,) (3.8)

sys

where U,V and S represent the internal energy, volume and entropy of the system,
respectively. The subscript 0 denotes the state of the same system at the temperature
T, and pressure p, of the environment. The rate of physical exergy E™ associated

with a material stream is
E™ = (H - H,)~T,(S~S,) (3.9)

where H and S denote the enthalpy and entropy, respectively. The subscript 0

denotes property values at the temperature 7, and pressure p, of the environment.

The physical exergy of a system consists of thermal exergy E' (due to system

temperature) and mechanical exergy E™ (due to system pressure):
EPH - pT 4 gM (3.10)

An unambiguous calculation of the specific thermal and specific mechanical exergy

is possible only for ideal gases and incompressible liquids:

To,p T
T— -
e = | c(l T]AT (3.11)

Ty, po 0
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TO’p
eM = Ivdp (3.12)

Ty,po

where v denotes specific volume. For any fluid, the specific thermal exergy of a

stream at temperature 7 and pressure p is expressed as
' =™ (1, p)-e™ (1. p) (3.13)
The mechanical exergy is determined from

M =pPH _ET (3.14)

Kinetic and potential exergies are equal to kinetic and potential energies,

respectively.

N L2 (3.15)
2

EPT = mgz (3.16)

Here v and z denote velocity and elevation relative to coordinates in the
environment (¥, = 0,zy = 0). Equations 3.15 and 3.16 can be used in conjunction
with both systems and material streams. The exergy associated with shaft work, flow
of electricity, kinetic energy, or potential energy is equal to the energy amount of

each of these quantities.

Chemical exergy is the theoretical maximum useful work obtainable as the
system at temperature 7 and pressure p is brought into chemical equilibrium with the
reference environment while heat transfer occurs only with this environment. Thus,

for calculating the chemical exergy, not only the temperature 7|, and pressure p, but

also the chemical composition of the environment xie have to be specified. By
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definition, the exergy of the reference environment is equal to zero and there is no

possibility of developing work from interactions between parts of the environment.

The standard molar chemical exergy escu% of any substance consisting of its
elements can be determined using the change in the specific Gibbs function Ag for

the formation of this substance from the reaction of chemical elements present in the

environment:
esCuI];I(To,Po) Zsub (To- P0) ZVI[ (To. po)- gi(TOaPO)] (3.17)

where g;, vi and eic H denote, for the i-th chemical element, the Gibbs function at 7

and po, the stoichiometric coefficient in the reaction, and the standard chemical
exergy, respectively. The chemical exergy of a gas i, having the mole fraction x{in

the environmental gas phase is [80,83]
h =—RT,Inx{ (3.18)

The chemical exergy of an ideal mixture of N ideal gases is given by
eMlg leel +RTOZx In x; (3.19)

where T is the environmental temperature, efh is the standart molar chemical exergy

of the i-th substance and x; is the mole fraction of the k-th substance in the system at
To. For the chemical exergy calculations of liquids, the chemical exergy can be

obtained if the activity coefficients yy are known such as

N
eM1 = lee +ETOin ln(ykxi) (3.20)

i=1

22



The standard chemical exergy of a substance not present in the environment can be
calculated by considering a reversible reaction of the substance with other substances
for which the standard chemical exergies are known. For energy conversion

processes, calculation of the exergy of fossil fuels is particularly important. The
chemical exergy of a fossil fuel efh on a molar basis can be derived from exergy,

energy, and entropy balances for the reversible reaction:

e = (Ah, —T,A5, |+ Ae”" = —Ag, + Ae" 3.21
f R 0 R g R

with A}?R = Z\;i}z = _%f +zvk}7k =—HHV
i k

ch _ ch
Ae™ = Z\/kek
k

where i and k& denote O,, CO,, H,O. AER ,Asg , and Agy denote the molar enthalpy,

entropy and Gibbs function, respectively of the reversible combustion reaction of the
fuel with oxygen. HHV is the molar higher heating value of the fuel and vy is the
stoichiometric coefficient of the k-th substance in this reaction. For some fuels such
as coal and oil, the enthalpy and entropy values of the fuel must be estimated using
available approaches before the chemical exergy can be calculated. The higher
heating value is the primary contributor to the chemical exergy of a fossil fuel. The
molar chemical exergy of a fossil fuel may be estimated with the aid of its molar

higher heating value as

0.95-0.985 for gaseous fuels except H, and CH,
~+0.98—-1.0 forliquid fuels
1.0-1.04 for solid fuels

h
e

HHV

For hydrogen and methane this ratio is 0.83 and 0.94, respectively.
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3.3.2 Exergy Balance, Exergy Destruction, and Exergy Loss

All thermodynamic processes are governed by the laws of conservation of
mass and energy. These conservation laws state that mass and energy can neither be
created nor destroyed in a process. Exergy, however, is not conserved but is
destroyed by irreversible processes within a system. Consequently, an exergy
balance must contain a destruction term, which vanishes only in a reversible process.
Furthermore, exergy is lost, in general, when a material or energy stream is rejected

to the environment.

The exergy destruction represents the exergy destroyed Ep due to irreversibilities

(entropy generation) within a system. The irreversibilities are caused by chemical
reaction, heat transfer through a finite temperature difference, mixing of matter, and
unrestrained expansion and friction. The exergy destruction is calculated with the aid

of either (a) an exergy balance formulated for the system being considered, or (b) the

entropy generation, S gen » Within the system (calculated from an entropy balance)

and the relationship [80,84]
Ep =TySgen (3.22)

The former way is recommended when a comprehensive exergetic evaluation is
conducted. The exergy destruction in the overall system is equal to the sum of the

exergy destruction in all system components:

0y

Eptotal = 2 ED x (3.23)
k=1

The rate of exergy destruction in the kth component of a system is given by

Epx =Epx —Epx —ELx (3.24)
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where, EF,k and EP’k are the so-called exergetic fuel and exergetic product,

respectively, and E'L, k represents the exergy rate loss in the k&th component, which is

usually zero when the component boundaries are at 7). For an overall system,

EL,total includes the exergy flow rates of all non-useful streams rejected by this

system to the surroundings.

The total exergy destruction value is also obtained from the exergy balance

written for the overall system

ED,total = EF,total - EP,total - EL,total (3.25)

A useful splitting of the total exergy destruction within a component is between

avoidable and unavoidable exergy destruction. Unavoidable E][)Hf( is that part of

exergy destruction within one component that cannot be eliminated even if the best

available technology in the near future. The avoidable exergy destruction rate ESY{

is the difference between the total and the unavoidable exergy destruction rate [83].

. . AV . UN
Ep = ERY + EDN (3.26)

It is apparent that all efforts to improve the thermodynamic efficiency of a

component or system should focus on avoidable exergy destruction.

An exergy transfer across the boundary of a control volume system can be
associated with either a material stream or an energy transfer by work or heat. By
taking the positive direction of heat transfer to be to the system and the positive
direction of work transfer to be from the system, the general form of the exergy
balance for a control volume involving multiple inlet and outlet streams of matter

and energy can be expressed as

dECV _

Ty ) - . dVey . ) .
1-— —|\W-F +>» Es—» E,.-F 3.27
dt Z( Ty ij ( 0 di j Z i z e D ( )
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where Ei and Ee are the total exergy transfer rates at the inlet and outlet,
respectively for the total, physical, chemical, kinetic, and potential exergy associated
with mass transfers. The term Qk represents the rate of heat transfer at the location
on the boundary where the temperature is 7x. The associated rate of exergy transfer

Eq i 1s given by

Eqk :( ——]Qk (3.28)

For Ty > T), the exergy rate Eq,k associated with heat transfer is always smaller than

the heat transfer rate Qk . In applications below the temperature of the environment,
Tx < Tp, and Eq,k and Qk have opposite signs: When energy is supplied to the

system, exergy is removed from it and vice versa. For steady-flow systems,

dt

=0, and Equation 3.27 becomes

Th - : . . .
ozz( —T—OJQk—(W—PO dZiV]+ZEi—ZEe—ED (3.29)
3.3.3 Exergetic Efficiency

Dimensionless criteria are used for performance evaluations. Appropriately
defined exergetic efficiency unambiguously characterizes the performance of a
system or system component from the thermodynamic view point. The exergetic
efficiency should also be used to compare the performance of similar components
operating under similar conditions. For the comparison of dissimilar components the

exergy destruction ratio may be used.

The exergetic efficiency of the kth component ¢, is defined as the ratio

between product and fuel. The exergy rates of product EP’k and the fuel EF,k are
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defined by considering the desired result produced by the component, and the

exergetic resources expended to generate this result, respectively:

_ Epy 1o Epx +EL

- (3.30)
Ex ¢ Eg ¢

€k

The definition of exergetic efficiency must be meaningful from both the
thermodynamic and the economic view points. General guidelines for defining
exergetic efficiencies can be found in the literature [1,80,83-89]. A distinction
between (a) physical and chemical exergy, or (b) thermal, mechanical and chemical
exergy, or (c) thermal mechanical, reactive and non-reactive exergy may allow the

definitions of more rational exergetic efficiencies for some components.

For the comparison of dissimilar components operating in the same system,
modified exergetic efficiency can be defined based on the avoidable and unavoidable

exergy destruction concept:

. . AV .
* Ep i Epx T ELK
Erx —Epx Erx —Epx

3.3.4 Exergy Destruction Ratio and Exergy Loss Ratio

In addition to the exergy destruction ED,k and the exergetic efficienciesey ,
the exergy destruction ratio ypy is used in the thermodynamic evaluation of a

component. This ratio compares the exergy destruction in the kth component with the

total fuel exergy supplied EF’ tota] to the overall system:

_ Epk
YDk =

(3.32)
EF,total

Alternatively, the exergy destruction rate of the kth component can be compared to

the total exergy destruction rate £ D, total -
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«  Epk
YDk =5

(3.33)
ED,total

The exergy loss ratio is defined similarly to Equation 3.32, by comparing the exergy

loss to the total fuel exergy supplied to the overall system

_ EL,total
YL total = ¢

(3.34)
E F, total

The difference between the exergy destruction ratio and the exergetic efficiency is
that in the former the exergy destruction within a component is related to the fuel
exergy supplied to the overall system, whereas the latter refers the same exergy
destruction to the fuel exergy supplied to the component. The exergy destruction
ratio expresses the percentage of the decrease of the exergetic efficiency for the

overall system caused by the exergy destruction in the kth system component:

e _ EP,total —1 ED,total + EL,total
total = ¢ =i :
Ey ,total Ex ,total

:l_J’D,total — VL, total (3.35)

Since in almost every case no exergy loss is defined at the component level, the

exergy loss ratio is defined only for the overall system.

3.4 Economic Analysis

The successful completion of a thermal design project requires estimation of
the major costs involved in the project [e.g. total capital investment, fuel costs,
operating and maintenance (O & M) expenses, and cost of the final products]
considering various assumptions and predictions referring to the economic,
technological, and legal environments, and using techniques from engineering

economics [80].
One of the most important factors affecting the selection of a design option

for a thermal system is the cost of the final products. The cost of an item is the

amount of money paid to acquire or produce it. The market price of an item is, in
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general, affected not only by the production cost of the item and the desired profit
but also by other factors such as demand, supply, competition, regulation and

subsidies.

The total cost of an item consists of fixed costs and variable costs. The term
“fixed costs” identifies those costs that do not depend strongly on the production
rate. Costs for depreciation, taxes on facilities, insurance, maintenance, and rent
belong to this category. “Variable costs” are those costs that vary more or less
directly with the volume of output. These include the costs for materials, labor, fuel,

and electric power [90].

Good cost estimation is a key factor in successfully completing a design
project. Cost estimates should be made during all stages of design to provide a basis
for decision making at each stage. Each company has its own preferred approach for
conducting an economic analysis and calculating the cost of main products (i.e. unit

price of electricity and steam).

3.4.1 Time Value of Money

Decisions about capital expenditures generally require consideration of the
earning power of money. A euro in hand today is worth more than a euro received
one year from now because the euro in hand now can be invested for the year. Thus,
as the cost evaluation of a project requires comparisons of money transactions at
various points in time, we need methods that will enable us to account for the value
of money over time.

Future Value: If “P” euros (present value) are deposited in an account earning “i”
percent interest per time period and the interest is compounded at the end of each of

“n” time periods, the account will grow to a future value, “F”

F=P1+i)" (3.36)

Interest is the compensation paid for the use of borrowed money. The interest rate is

usually stated as a percentage; in equations, however, it is expressed as a decimal
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(e.g., 0.07 instead of 7%). Instead of the term interest rate, we will use the terms rate

of return for an investment made and annual cost of money for borrowed capital [91].

Compounding Frequency: In engineering economy, the unit of time is usually taken

e 9

as the year. If compounding occurs “p” times per year ( p > 1) for a total number of

e 9

n” years (n>1), and

7]
1

is the annual rate of return, Equation 3.36 becomes

.\ 1p
F= P(l +LJ (3.37)
p

Here the product “np” is the number of periods and “i/p” is the rate of return per

€
l

period. In this case, the annual rate of return is known as the nominal rate of

return. The effective rate of return is the annual rate of return that would yield the

[1392]

same results if compounding were done once a year instead of “p” times per year.
The effective rate of return, which is higher than the nominal rate of return, is

obtained by eliminating F/P from Equations 3.36 and 3.37 as

.\P
ieff:(ui] -1 (3.38)
P

If continuous compounding of money ( p — ) is used, the future value is calculated

from

F = Pe™ (3.39)

It is apparent that in the case of continuous compounding the effective rate of return

becomes

iop =€ —1 (3.40)
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In Equations 3.39 and 3.40, “/” is the nominal annual rate of return and “n” is the
total number of years. If the time is less than one year, the simple interest formula

can be used to calculate the future value:

F = P(1+ nigg) (3.41)

where “n” is now a fraction of a year and “i_ ” is the annual effective rate of return.

Equations 3.37 and 3.39 can be expressed in the same form as Equation 3.36:

F =P +ieg)" (3.42)

The term (1 + ioff )n, referred to as the single — payment compound amount factor

(SPCAF).

Unless otherwise indicated, the terms interest, rate of return, and annual cost
of money refer to their effective values. Also, to simplify calculations, when the cost
of money is calculated for one or more years plus a fractional part of a year, Equation

3.42 is applied with a non-integer exponent [90].

Present Value: When evaluating projects, we often need to know the present value of
funds that we will spend or receive at some definite periods in the future. The present
value (or present worth) of a future amount is the amount that if deposited at a given
rate of return and compounded would yield the actual amount received at a future

date. From Equation 3.42 we see that a given future amount F has a present value P:

p-p— 1 (3.43)

(1+dgpe )"

The term 1/(1+ i)™, called the single — payment present — worth factor or the

single — payment discount factor (SPDF). Since the difference between the future

value and the present value is often called discount, in this case the term i is called

the effective discount rate.
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Annuities: An annuity is a series of equal amount money transactions occurring at
equal time intervals (periods). Usually, the time period corresponds to one year.
Money transactions of this type can be used, for instance to pay off a debt or
accumulate a desired amount of capital. Annuities are used in this study to calculate
the levelized costs of the final product, fuel, and so forth. An annuity term is the time

from the beginning of the first time interval to the end of the last time interval.

If 4 euros are deposited at the end of each period in an account earning i,

percent per period (effective rate of return per period), the future sum /' (amount of

the annuity or future value of the annuity) acquired at the end of the n® period is

. \n
po g i)' =1 (3.44)
leff

The term l(l+ieff )i —lJ/ iofr 1s called the uniform — series compound — amount

factor (USCAF), and the reciprocal term of it is called the uniform — series sinking

fund factor (USSFF). By combining Equations 3.43 and 3.44, we obtain

P_ 0 Tl ) —1 fo (3.45)

A ieﬁr(1+ieﬁ)n

The expression on the right side of this equation is called the uniform — series present
— worth factor (USPWF). The reciprocal of this factor is the capital recovery factor
(CRF):

CRF = é — ieff (1 + ieff) (346)
P (1 Fiogr )n -1

The CRF is used to determine the equal amounts 4 of a series of n money

transactions, the present value of which is P.
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Capitalized Cost. An asset (e.g., a piece of equipment) of fixed — capital cost

C; will have a finite economic life of n years. The economic life (or book life) of an

asset is the best estimate of the length of time that the asset can be used. The salvage
value of an asset is the estimated economic worth of the asset at the end of its

economic life.

Engineers often want to determine the total cost of an asset under conditions
permitting perpetual replacement of the asset without considering inflation. The so-

called capitalized cost C is defined in engineering economics as the first cost of the

asset plus the present value of the indefinite annuity that corresponds to the perpetual
replacement of the asset every n year. Assuming that the renewal cost of the asset

remains constant (no inflation) at C,. —§, and that both the useful life of the asset

and the rate of return remain constant, the present value of the indefinite annuity is

calculated from Equation 3.43 as [80]

(Cx = Crc)=(Cx = S)/(1+iege )" (3.47)

That is, the capitalized cost C, is in excess of the fixed — capital cost C.. by an
amount which, when compounded at an effective rate of return i for n years, will
have a future value of C; minus the salvage value S of the asset. Solving the last

equation for C, , we obtain the capitalized cost as

1+ige )"
Cx =| Crc — > (1+ierr) (3.48)
(Ut g )™ JL (U dege )™ — 1
The second factor in square brackets on the right side of the equation is called the
capitalized — cost factor (CCF). The capitalized — cost factor is equal to the capital —
recovery factor of an ordinary annuity (Equation 3.47) divided by the effective rate

of return.

The use of the term capitalized cost is more meaningful in accounting than in

engineering economics where the term merely characterizes a special case of present
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— value calculation referring to an infinite project life. However, because the term
capitalized cost is encountered very often in the literature of both engineering
economics and accounting, it is important to be familiar with the different meanings

that may be attached to it [80,91].
3.4.2 Inflation, Escalation, and Levelization

Inflation: General price inflation is the rise in price levels associated with an
increase in available currency and credit without a proportional increase in available
goods and services of equal quality [80]. The consumer price index, which is
tabulated by the government, is composite prices index that measures general

inflation.

When inflation occurs, costs change every year. Cost changes in past years
are considered using appropriate cost indices. For future years a varying annual
inflation rate can be used, but such a rate always represents a prediction. For

simplicity we assume a constant average annual inflation rate () for future years.

Escalation: The real escalation rate of expenditure is the annual rate of
expenditure change caused by factors such as resource depletion, increased demand,
and technological advances [92]. The first two factors lead to a positive real
escalation rate whereas the third factor results in a negative rate. The real escalation

rate (7, ) is independent and exclusive of inflation.

The nominal (or apparent) escalation rate (r,) is the total annual rate of

change in cost and includes the effects of both real escalation rate and inflation:
(l+rg)=(+7N1+7) (3.49)

To simplify calculations, we assume that all costs except fuel costs and the values of

by-products change annually with the constant average inflation rate 7 ; that is, we
take 7 =0. Since fuel costs are expected over a long period of future years to

increase on the average faster than the predicted inflation rate, a positive real
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escalation rate for fuel costs may be appropriate for the economic analysis of thermal

systems.

Levelization: Cost escalation applied to an expenditure (e.g., fuel costs or
O&M costs) over n-year period results in a non-uniform cost schedule in which the
expenditure at any year is equal to the previous year expenditure multiplied by

(1+7 ), where r, is the constant rate of change, the nominal escalation rate. The

constant — escalation levelization factor (CELF) is used to express the relationship

between the value of expenditure at the beginning of the first year (PO) and an

equivalent annuity (A4), which is now called a levelized value. The levelization factor

depends on both the effective annual cost — of — money rate, or discount rate i_, and

the nominal escalation rate r, :

_ n
A CELF = dl—k) CRF (3.50)

Py 1-k
where

I+r,

= (3.51)
1+ ieff

and the variables CRF and r, are determined from Equations 3.46 and 3.49,

respectively. Equation 3.50 assumes that all transactions are made at the end of their

respective years and (PO) is the cost at the beginning of the first year.

The concept of levelization is general and is defined as the use of time — value
— of — money arithmetic to convert a series of varying quantities to a financially
equivalent constant quantity (annuity) over a specified time interval. We will apply
the concept of levelization to calculate the levelized fuel and O&M costs, the
levelized total revenue requirements and the levelized total cost of the main product

of a thermal system [80].
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In the economic analysis of the thermal systems, the annual values of carrying
charges, fuel costs, raw water costs, and operating and maintenance (O&M) expenses
supplied to the overall system are the necessary input data. However these cost
components may vary significantly within the economic life. Therefore, levelized
annual values for all cost components should be used in the economic analysis and

evaluations of the overall system. The levelized cost is given by [93]

A=CRFY B, = ferltiem )" (e )" S Py (3.52)
m=1 (I'Heff) _1m1
where
1
(1 + leff)

The cost rate associated with the capital and O&M expenses for the Ath component

of a thermal system is

CCL _PEC,  OMC_ _PEC

7 =
: > PEC,  © > PEC,

(3.54)

The first term in the nominator of the right hand side of the equation gives ch ! , and

the second term gives Zko M The levelized cost rate of the expenditure (fuel, raw

water) supplied to the overall system is

Cgx = (3.55)

3.5 Thermoeconomic Analysis

Cost accounting in a company is concerned primarily with (a) determining the
actual cost of products or services, (b) providing a rational basis for pricing goods

and services, (c) providing a means for allocating and controlling expenditures, and
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(d) providing information on which operating decisions may be based and evaluated
[80]. This frequently calls for the use of cost balances. In a conventional economic
analysis, a cost balance is usually formulated the overall system operating at steady

state

. . . CI . OM
Cp.tot = Cr,TOT + ZTOT + ZTOT (3.56)

The cost balance expresses that the cost rate associated with the product of the

system CP equals the total rate of expenditures made to generate the product, namely
the fuel cost rate C, and the cost rates associated with capital investment Z' and

operating and maintenance Z°". When referring to a single stream associated with a
fuel or product, the expression fuel stream or product stream is used. The rates Z
and Z° are calculated by dividing the annual contributions of capital investment
and the annual operating and maintenance (O&M) costs, respectively, by the number
of time units (usually hours or seconds) of system operation per year. The sum of

these two variables is denoted by Z
7=7%47M (3.57)
3.5.1 Exergy Costing

Cost may be defined as the amount of resources needed to obtain a functional
product. On one hand, resources take a general meaning. On the other hand, cost is
associated with the purpose of production. It is associated neither with price nor with
the resources that could be saved if the production process were less efficient or
more conventional one [94]. Cost is an emergent property. It cannot be measured as a
physical magnitude of a flow stream as temperature or pressure; it depends on the
system structure and appears as an outcome of the system analysis. Therefore, it
needs precise rules for calculating it from physical data. Cost is a property that

cannot be found in the product itself [80,95].

In thermoeconomics, the words history, degradation, exergy, quality, cost,

resource, consumption, purpose and causality are related to one another. In the cost
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formation process, it is essential to analytically search for the locations and physical
mechanisms that make up a specific productive flow [96]. The resources are used to
provide physico-chemical qualities to the intermediate products until a finished
product is obtained. The main problem to be solved using exergy is how to measure

and homogenize the accounting of these qualities.

Since exergy measures the true thermodynamic value of the effects associated
with heat, work and mass interactions through systems, it is meaningful to use exergy
as a basis for assigning costs in thermal systems. Indeed, thermoeconomics rests on
the notion that exergy is the only rational basis for assigning costs to the interactions
that a thermal system experiences with its surroundings and to the sources of

inefficiencies within it. This approach is referred as “exergy costing”.

In exergy costing a cost is associated with each exergy stream. Thus for
entering and exiting streams of matter with associated rates of exergy transfer, power

and the exergy transfer rate associated with heat transfer may be written, respectively

as

Ci = ¢iE; = ¢ (mie;) (3.58)
Ce = coE, = co(iee.) (3.59)
Cy =WV (3.60)
Cq = cqkyq (3.61)

where ¢, c., cw, and c¢q denote average costs per unit of exergy of material stream at

inlet and exit, power and heat respectively and C;, C’e, C’W and C'q are the

corresponding cost rates, E; and Ee are exergy transfers for entering and exiting
streams of matter, ¥ is power, and Eq is the exergy transfer rate associated with

heat transfer.
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Accordingly, for a component receiving heat transfer and generating power,

we may write [80,97,98]

S leoEe ) +cwili =cqxEqx + Z(ciEi ) + Z (3.62)

(S 1

This equation simply states that the total cost of the exiting exergy streams equals the
total expenditure to obtain them: the cost of the entering exergy streams plus the
capital and other costs. Note that when a component receives power (as in a
compressor or a pump) the second term of the left hand side would move with its
positive sign to the right side of this expression. Cost balances are generally written

so that all terms are positive.

The exergy rates exiting and entering the £ component are calculated using
exergy relations in previous sections of this chapter. The term Z, may be obtained
by first calculating the capital investment and operating and maintenance (O&M)
costs associated with the k™ component and then computing the levelized values of
these costs per unit of time (year, hour, or second) of system operation. Based on
these costs the general equation for the cost rate (Zl) in €/s associated with capital

. . th .
investment and the maintenance costs for the k- component is

_ Z (CRF)p

(N x3600) (3-63)

k

where Zy is the purchase cost of the Kt component (€), CRF is the annual capital

recovery factor; N is the number of hours of plant operation per year, and ¢ is the

maintenance factor.

When two or more products, by-products and residues are produced
simultaneously, how costs can be allocated? Indeed, the main problem of allocating
costs has been to find a function that adequately characterizes every one of the
internal flows in a system and distributes cost proportionally. This function needs to

be universal, sensitive and additive. That is, it needs to have an objective value for
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every possible material manifestations and it needs to vary when these manifestations
do so and each internal flow property needs to be represented additively. There is a
wide international consensus that the best function, at least for energy systems, is

exergy, which can contain in its own analytical structure of the flow history [94,99].

3.5.2 Aggregation Level for Applying Exergy Costing

For calculating approximate average costs, we can stop our analysis by
disaggregating our system at not very detailed level since the level at which the cost
balances are formulated affects the results of a thermoeconomic analysis. Cumulative
exergy consumption analysis does not go into process details but focuses on the
overall exergy consumption.

Accordingly, in thermal design, it is recommended that the lowest possible
aggregation level be used [80,96,99,100]. This level is usually represented by the
individual components (compressors, turbines, heat exchangers etc.). Even in cases
where the available information is insufficient for applying exergy costing at the
component level, it is generally preferable to make appropriate assumptions that
enable exergy costing to be applied at the component level than to consider only

groups of components [80].

3.6 Thermoeconomic Variables for Component Evaluation

The following quantities, known as thermoeconomic variables, play a central

role in the thermoeconomic evaluation and optimization of thermal systems:

Cri
the average unit cost of fuel, cpy (i.e. cpx =—)
Exx
: : Cpk
the average unit cost of product, cp i (i.e. cp = 7 )
P.k

the cost rate of exergy destruction, CD,k

the relative cost difference, ry

the exergoeconomic factor, fj
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In this chapter, three of these variables are discussed: CD,k , 1> and fi while

all five thermoeconomic variables are applied to the thermoeconomic analysis and
evaluation of geothermal assisted high temperature electrolysis system (see Chapter

5).
3.6.1 Cost of Exergy Destruction

In the cost balance formulas (i.e. Equations 3.56 and 3.62), there is no cost
term directly associated with exergy destruction. Accordingly, the cost associated
with the exergy destruction in a component or process is a hidden cost, but very
important one, that can be revealed only through thermoeconomic analysis. Using the

specific exergetic costs associated with fuel, product, and exergy loss for the kth

component, the cost rate balance can be written as
cpkEpx =CcrxErk —CLk T2k (3.64)

Using Equation 3.20, in order to eliminate EF,k , we obtain

cpEpx =crrEpy + (CF,kEL,k - CL,k)+ Zy +cpxEpx (3.65)

or to eliminate EP’ k» We obtain

cpkEpx =crxErk + (CP,kEL,k - CL,k)+ Zy +cpxEpk

(3.66)

In both Equations 3.65 and 3.66, the last term on the right hand side involves the rate

of exergy destruction. Assuming that the product, £ p.k 1s fixed and that the unit cost
of fuel, cg i of the kth component is independent of the exergy destruction, the cost

of exergy destruction can be expressed as
Cpx =crxEpx (3.67)
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As the fuel rate EF,k must account for the fixed product rate EP,k , and the rate of

exergy destruction rate ED,k , We may interpret CD,k in Equation 3.67 as the cost

rate of the additional fuel that must be supplied to the kth component.

Alternatively, assuming that the fuel EF,k is fixed and that the unit cost of
product cpj of the kth component is independent of exergy destruction, we can

define the cost of exergy destruction by the last term of Equation 3.66 as
CD,k = CP,kED,k (3.68)

When exergy of fuel EF,k is fixed, the exergy destruction ED,k reduces to the

product of the kth component Ep’k, and therefore Equation 3.68 can be interpreted

as the monetary loss associated with the loss of product.
3.6.2 Relative Cost Difference

The relative cost difference #, for the kth component is defined as

_CPk ~CFk

e (3.69)

CF,k

The variable expresses the relative increase in the average cost per exergy unit
between fuel and product of the component. The relative cost difference is a useful
variable for evaluating and optimizing a system component. In an iterative cost
optimization of a system, if the cost of fuel of a major component changes from one
iteration to the next, the objective of the cost optimization of the component should
be to minimize the relative cost difference instead of minimizing the cost per exergy

unit of the product with this component.
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If Equation 3.35 is rewritten for revealing the real cost sources associated

with the kth component, using Equations 3.57 and 3.65 and taking CL,k =0, we

obtain

. . -CI -OM
_crlEpu B )+ (2 4+ 20M)

(3.70)
cr xEp.k

Using the exergetic efficiency of the Ath component, and using Equation 3.26,

Equation 3.70 may be written as

5 CI > OM
]—gk +Zk +Zk

" = (3.71)

&k crkEp,k
3.6.3 Exergoeconomic Factor

As Equations 3.70 and 3.71 indicate, the cost sources in a component may be
grouped into two categories. The first consists of non-exergy related costs (capital
investment, and operating and maintenance expenses), while the second category
consists of exergy destruction and exergy loss. In evaluating the performance of a
component, we want to know the relative significance of each category. This is

provided by the exergoeconomic factor, fi defined for the kth component as

Zk + cF,k(ED,k + EL,k)

S

(3.72)

The total cost rate causing the increase in the unit cost from fuel to product is given
by the denominator in Equation 3.72. Accordingly, the exergoeconomic factor
expresses as a ratio the contribution of the non-exergy related cost to total cost
increase. A low value of the exergoeconomic factor calculated for a major
component suggests that cost savings in the entire system might be achieved by
improving the component efficiency (reducing the exergy destruction) even if the

capital investment for this component will increase. On the other hand, a high value
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of this factor suggests a decrease in the investment costs of this component at the

expense of its exergetic efficiency.

3.7 The Specific Exergy Costing (SPECO) Method

The costs associated with each material and energy stream in a system are
calculated with the aid of (a) cost balances written for each system component, and
(b) auxiliary costing equations. Assuming that the costs of the exergy streams
entering a component known, a cost balance is not sufficient to determine the costs
of the exiting exergy streams when the number of exiting streams is larger than one.
In this case, auxiliary costing equations must be formulated for the component being
considered, the number of these equations being equal to the number of exiting

streams minus one [91,98,99].

Different approaches for formulating efficiencies and auxiliary costing
equations have been suggested in the literature. These approaches can be divided into
two groups: (1) The exergoeconomic accounting methods [80,93,95,101-109] aim at
the costing of product streams, the evaluation of components and systems, and the
iterative optimization of energy systems; (2) The Lagrangian-based approaches [110-
118] aim in optimizing the overall system and the calculation of marginal costs. In
literature only total exergy values were used and the auxiliary costing equations were
formulated explicitly by using assumptions derived from experience, postulates, or

the purpose of the system being analyzed.

A different approach, based on the LIFO (Last In First Out) accounting
principle, was presented in refs. [119,120]. In this approach, fuels, products, and
costs are defined systematically registering exergy and cost additions and removals
from each material and energy stream. In this way, “local average costs” are obtained
since the cost per exergy unit of the exergy used in a component is evaluated at the
cost at which the removed exergy units were supplied by upstream components. An
automatic criterion to generate the auxiliary costing equations based on this principle
can be achieved by using computer implementation and an algebraic formulation

[121]. In this study, the name SPECO, specific exergy costing method, was given to
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this approach because of the need of using specific exergies and costs for registering

all additions and removals of exergy and cost.

The basic principles of the SPECO approach were then directly applied to
exergy streams instead of material and energy streams [99]. It was demonstrated that
these principles are sufficient for systematically defining fuel and product of the
components and for formulating the auxiliary costing equations used to calculate

either average costs (AVCO approach) or local average costs (LIFO approach).

Lagrangian-based approaches, on the other side, employ mathematical
techniques to arrive at costs. It can be easily demonstrated that the same cost
balances and auxiliary equations used in accounting methods can be obtained

through partial derivatives in the Lagrangian-based approaches.

The SPECO method consists of the following three steps:

Step 1- identification of exergy streams: Initially, a decision must be made
with respect to whether the analysis of the components should be conducted using
total exergy or separate forms of the total exergy of a material stream (e.g. thermal,
mechanical, and chemical exergies). Considering separate exergy forms improves the
accuracy of the results. However, this improvement is often marginal and not

necessary for extracting the main conclusions from the exergoeconomic evaluation.

Step 2- definition of fuel and product: The product is defined to be equal to
the sum of all the exergy values to be considered at the outlet (including the exergy
of energy streams generated in the component) plus all the exergy increases between
inlet and outlet (i.e. the exergy additions to the respective material streams) that are
in accord with the purpose of the component. Similarly, the fuel is defined to be
equal to all the exergy values to be considered at the inlet (including the exergy
streams supplied to the component) plus all the exergy decreases between inlet and
outlet (i.e. the exergy removals form the respective material streams) minus all the
exergy increases (between inlet and outlet) that are not in accord with the purpose of

the component.
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Step 3- cost equations: Exergoeconomics rests on the notion that exergy is the
only rational basis for assigning costs to the interactions a thermal system
experiences with its surroundings and to the sources of inefficiencies within it [80].

All the equations given in section 3.6 are used throughout the analysis at this step.

3.7.1 The F and P Principles

The F (fuel) principle refers to the removal of exergy from an exergy stream
within the component being considered, when for this stream, the exergy difference
between inlet and outlet is considered in the definition of the fuel. The F principle
states that the total cost associated with this removal of exergy must be equal to the
cost at which the removed exergy has supplied to the same stream in the upstream

components.

The P (product) principle refers to the supply of exergy to an exergy stream
within the component being considered. The P principle states that each exergy unit
is supplied to any stream associated with the products at the same average cost c,.
This cost is calculated from the cost balance and the equations obtained by F
principle. Aggregation level influences accuracy of the results, so it should be set at a

lower level [80].

3.8 Conclusions

In this chapter, we provided general principles, terminology, and formulation
of thermodynamic and thermoeconomic analyses. The procedure and formulation are
applicable to all energy systems including hydrogen production with high
temperature analysis from geothermal energy source. Detailed formulations
considering the operation of the entire system and components will be provided in

Chapters 4 and 5.
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CHAPTER 4

THERMODYNAMIC ANALYSIS

4.1 Introduction

The use of energy as a measure for identifying and measuring the benefits of
energy systems can be misleading and confusing. Exergy can be used to assess and
improve energy systems, and can help better understand the benefits of the system by
providing more useful and meaningful information than energy provides. Exergy
clearly identifies efficiency improvements and reductions in thermodynamic losses

attributable to more sustainable technologies [122].

For each state of the high temperature electrolysis system (HTSE), energy
and exergy values, exergy efficiency, and exergy destruction are calculated and
tabulated. For high temperature electrolysis, the Gibbs free energy and the standard

chemical exergy of compounds are calculated. Parametric studies are performed.
In this chapter, energy and exery analyses of geothermal assisted HTSE is
conducted using the methodologies described in earlier chapters. The results are

obtained and discussed.

4.2 Description of Geothermal Assisted High Temperature Steam Electrolysis
System

The schematic of geothermal assisted high temperature electrolysis system is

shown in Fig. 4.1. For this system the usable temperature of the geothermal source a
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the Nesjavellir Site in Iceland is considered. The source is approximately at 230 C and
15 bar. This is relatively low and the vaporisationand heating of the water for the

electrolyser needs to be carried out in several stages.

- The water vapor at a temperature of 230 C heated in three types heat
exchangers (High Temperature Heat Exchanger [HT], Medium Temperature
Heat Exchanger [MT], and Low Temperature Heat Exchanger [LT]). The water
vapor enters at states 1 and 5 and exits at states 4 and 8. Then, they are

combined at state 9 and exit the electrolyser up to a temperature of 950 C.

- In the electrolyser, the electric power is not only used for splitting the water
molecules into hydrogen and oxygen but also for heating the gas from the inlet
to the outlet. The temperature of the oxygen (7in02=950 C) and hydrogen
(Tinm2=950 C) are the same at the outlet. Since we are limiting ourselves to

exothermal or isothermal conditions: Tin02= Tinm2 = Tinelec-

- Hydrogen enters the heat exchangers at state 10 and exits at state 15, with Tyyem

> Tinm20-

- Oxygen enters the heat exchangers at state 16 and exits at state 21, with T,y 02 >

Tin,H2O .

Before getting into energy and exergy analyses, the following assumptions are made:

- The values for the reference environment (dead state) temperature (7j) for winter

is-1 Cand for summeris 11 C and pressure (Py) is 100 kPa.

- All processes are considered steady-state and steady-flow with negligible

potential and kinetic energy effects in an adiabatic form [123].

The results of energy and exergy analysis are given in Tables 4.1, 4.2, and 4.3

for three different dead state temperatures: 25 C,-1 C,and 11 C.
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Table 4.1 System data, thermodynamic properties, and exergies in the system with

respect to state points in Figure 4.1 for 25 °C.

State | Substa T P m h S Ex E
no nce (K) (kPa) | (kg/s) | (kJ/kg) | (kI/kgK) | kW) (kW)
0 H,O 298 100 - 104.8 0.3669 - -
0' H, 298 100 - 0 64.82 - -
0" 0O, 298 100 - 0 6.407 - -
1 H,O 503 1500 | 9.95 2874 6.613 9035 28,596
2 H,O 753 1500 | 9.95 3429 7.513 11,886 34,119
3 H,0 978 1500 | 9.95 3932 8.096 15,163 39,123
4 H,O | 1185 | 1500 | 9.95 4421 8.549 18,685 43,989
5 H,O 503 1500 | 3.48 2874 6.613 3158 10,001
6 H,O 693 1500 | 3.48 3299 7.332 3894 11,481
7 H,O 983 1500 | 3.48 3944 8.108 5332 13725
8 H,O | 1185 | 1500 | 3.48 4421 8.559 6535 15,385
9 H,O | 1185 | 1500 | 13.43 | 4421 8.559 15,221 59,374
10 H, 1223 | 10,000 | 1.0 13,653 66.51 13,144 13,653
11 H, 987 | 10,000 | 1.0 10,056 63.24 10,527 10.05
12 H, 987 | 2000 1.0 10,056 69.88 8548 10.05
13 H, 782 | 2000 1.0 7016 66.43 6536 7016
14 H, 782 | 7000 1.0 7016 61.27 8074 7016
15 H, 577 | 7000 1.0 4030 56.84 6408 4030
10' H,O | 1223 | 10,000 | 4.43 4486 7.731 9688 19,873
1 H,0 987 | 10,000 | 4.43 3903 7.202 7801 17,290
12' H,0 987 | 2000 | 4.43 3950 7.982 6982 17,499
13' H,O 782 | 2000 | 4.43 3488 7.457 5626 15,452
14' H,O 782 | 7000 | 4.43 3432 6.826 6211 15,204
15' H,O 577 | 7000 | 4.43 2854 5.958 4798 11,447
16 0O, 1223 | 10,000 | 8.0 955.3 6.634 7104 7642
17 0O, 987 | 10,000 | 8.0 725.9 6.428 5760 5807
18 0O, 987 | 2000 8.0 725.9 6.816 4832 5807
19 0O, 782 | 2000 8.0 406.6 6.474 3096 3252
20 0O, 782 | 7000 8.0 406.6 6.149 3864 3252
21 0O, 569 | 7000 8.0 258.2 5917 3132 2066
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Table 4.2 System data, thermodynamic properties, and exergies in the system with

respect to state points in Figure 4.1 for 11 °C.

State | Substa T P m h S Ex E
no nce (K) | (kPa) | (kg/s) | (kl/kg) | (kI/kgK) | (kW) (kW)
0 H,O 284 100 - 45.64 0.1635 - -
0' H, 284 100 - - 64.13 - -
o" O, 284 100 - - 6.366 - -
1 H,O 503 | 1500 | 9.95 2875 6.616 9471 27,313
2 H,O 753 | 1500 | 9.95 3430 7.514 12,317 | 32,582
3 H,O 978 | 1500 | 9.95 3932 8.097 15,517 | 37,357
4 H,O | 1185 | 1500 | 9.95 4422 8.551 18,943 | 42,006
5 H,O 503 | 1500 | 3.48 2875 6.616 3469 10,005
6 H,O 693 | 1500 | 3.48 3299 7.334 4237 11,482
7 H,O 983 | 1500 | 3.48 3944 8.109 5713 13,724
8 H,O 1185 | 1500 | 3.48 4422 8.551 6939 15,388
9 H,O 1185 | 1500 | 13.43 4422 8.551 26,780 | 59,384
10 H, | 1223 | 1000 1.0 13,651 66,5 12,997 | 13,651
11 H, 987 | 1000 1.0 10.054 63,24 10,308 | 10.054
12 H, 987 | 2000 1.0 10.054 69,87 8243 10.054
13 H, 782 | 2000 | 1.0 7014 66,42 6363 7014
14 H, 782 | 7000 | 1.0 7014 61,26 7830 7014
15 H, 577 | 7000 | 1.0 4030 56,83 6103 4030

10' H,O | 1223 | 1000 | 4.43 4487 7,733 10,151 | 19,877

11 H,O 987 | 1000 | 4.43 3904 7,204 8234 17,294

12' H,O 987 | 2000 | 4.43 3950 7,983 7458 17,499

13' H,O 782 | 2000 | 4.43 3488 7,459 6070 15,451

14' H,O 782 | 7000 | 4.43 3433 6,828 6621 15,207

15' H,O 577 | 7000 | 4.43 2856 5,962 5155 12,652

16 0, 1223 | 1000 8.0 955.2 6.637 7025 7641

17 0)} 987 | 1000 8.0 695.3 6,401 5482 5562

18 0)} 987 | 2000 8.0 695.3 6,819 4532 5562

19 0O, 782 | 2000 | 8.0 476.3 6,571 3345 3810

20 0O, 782 | 7000 | 8.0 476.3 6,245 4084 3810

21 0O, 569 | 7000 | 8.0 258.1 5,92 3078 2065
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Table 4.3 System data, thermodynamic properties, and exergies in the system with

respect to state points in Figure 4.1 for -1 °C.

State | Substa T P m h S Ex E
no nce (K) | (kPa) | (kg/s) | (kJ/kg) | (kI/kgK) | (kW) (kW)
0 H,O | 272 | 100 - -335.2 -1.229 | - -
0' H, 272 | 100 - - 63.53 |- -
0" 0, 272 | 100 - - 6.326 | - -
1 H,O 503 | 1500 | 9.95 2875 6.616 10,711 28607
2 H,O 753 | 1500 | 9.95 3430 7.514  |13,798 34,126
3 H,O 978 | 1500 | 9.95 3932 8.097 17,220 39,126
4 H,O | 1185 | 1500 | 9.95 4422 8.551 0,863 43,996
5 H,O 503 | 1500 | 3.48 2875 6.616 3746 10,005
6 H,O 693 | 1500 | 3.48 3299 7.334 4543 11,482
7 H,O 983 | 1500 | 3.48 3944 8.109 6052 13,724
8 H,O | 1185 | 1500 | 3.48 4422 8.551 [7297 15,388
9 H,O | 1185 | 1500 | 13.43 | 4422 8.551 |28,159 59,384
10 H, | 1223 | 10,00 | 1.0 13,651 6.637 | 12,841 13,651
11 H, 987 10,00 | 1.0 10.054 6.401 10,133 10.054
12 H, 987 | 2000 1.0 10.054 6.819 | 8328 10.054
13 H, 782 | 2000 1.0 7014 6.571 | 6226 7014
14 H, 782 | 7000 1.0 7014 6.245 | 7632 7014
15 H, 577 | 7000 1.0 4030 5.92 5851 4030
10' H,O | 1223 | 10,00 | 4.43 4487 7.733 | 10,641 19,877
1 H,0 987 | 10,00 | 4.43 3904 7.204 | 8617 17,294
12' H,O 987 | 2000 | 4.43 3950 7.983 | 7883 17,499
13 H,O 782 | 2000 | 4.43 3488 7.459 | 6467 15,451
14' H,O 782 | 7000 | 4.43 3433 6.828 | 6984 15,207
15 H,O 577 | 7000 | 4.43 2856 5962 | 5473 12652
16 0O, 1223 | 10,00 | 8.0 955.2 6.637 | 6964 7641
17 0, 987 |10,00 | 8.0 695.3 6.401 | 5399 5562
18 0, 987 | 2000 8.0 695.3 6.819 | 4489 5562
19 0O, 782 | 2000 8.0 476.3 6.571 | 3278 3810
20 0O, 782 | 7000 8.0 476.3 6.245 | 3986 3810
21 0O, 569 | 7000 8.0 258.1 5.92 2948 2065
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4.3 Energy and Exergy Relations for System Components

Energy and exergy relations for the components of the plant were provided in Chapter
3. The relations are based on general formulations provided in Chapter 3 and include
mass, energy, and exergy balances as well as exergy destructions and exergy

efficiencies. State numbers refer to Fig. 4.1.

In the study of Sigurvinsson et al. [123] counter current heat exchangers were
used, while the inlet temperature of the electrolyses was kept as 950 C. The
temperatures in the geothermal case ranged from 200 to 950 C. The heat exchangers
were classified into three groups according to the ranges of the temperatures since this
temperature range cannot be covered with one type of heat exchangers.

Therefore

- Low temperature (LT): stainless heat exchanger, 7< 6001C and 7 MPa.

- Medium temperature (MT): nickel based heat exchanger, 600 [1C < 7'< 85071C
and 7 MPa.

- High temperature (HT): ceramic based heat exchanger, 7> 850 [1C and
10-50 MPa.

The heat exchanger suggested for the > 850 °C temperature level is still being
tested and further detail will be available soon. However it could also be possible to

operate the electrolyser at lower than 850°C temperatures using existing technology.

Low Temperature Heat Exchanger 1 (LT-1)

M, = i, (4.1)
my, =m,, =m; (4.2)
My, =M 4.3)
m,(h, —hy) =m, (hs —h,)+m,(hs —hy) (4.4)
Ep pesrs = W, =) =it (W5 —w13) = tig (W15 = W14 (4.5)
v, =y, = —h)-T,(s, —s,) (4.6)
Wis =W = —h)=T,(s,5—5,,) 4.7)
Wis —Wip =g =) =T, (815 —8,4) (4.8)

53



_ my,(Wys —w) + (Vs —wy)
T-1 = :
m, (l//l - l//z)

Medium Temperature Heat Exchanger 1 (MT-1)

m, =m, = ny,

My, =M, =m;,

My =My, = My

m,(hy, —hy) =m,,(h; —h,)+m,(h; —h,)

E g pesirr = 1 (W5 =) = titg (W3 =W ) =it (W15 — W1
vy —ys = (hy —h) = Ty(s, —s;)

Wiz =W, =y —hy) =T, (5,5 —5),)

Vig =Wy = (hy =) =Ty (5,5 — 1)

c oy Wy )t (W — )
MT-1 = ;
m(y, —y;)

High Temperature Heat Exchanger 1(HT-1)

m, = n, = n,

E g pesirs =1 (W3 —w) =i, (W, —w10) = it (W = ¥4)
Wy =y, = —h)—T,(s;—s,)

Wio =W = (o —hy) =Ty (s, = 51,)

Wip =W = (g =) =T, (815 = $110)

_ (W — W) 1 (W — W)
m (s —y,)

Eura

Low Temperature Heat Exchanger 2 (LT-2)

mg =g
mlé = mzo = le
mg(hs —hg) = myg(hy, —hy)
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(4.10)
(4.11)
(4.12)
(4.13)
(4.14)
(4.15)
(4.16)
(4.17)

(4.18)

(4.19)
(4.20)
(4.21)
(4.22)
(4.23)
(4.24)
(4.25)
(4.26)

(4.27)

(4.28)
(4.29)
(4.30)



EHE,Dest,LT—Z =ms(Ws —We) — 1 (Wy —Wa)
Ws—We=(hs—hg)—T,(ss—54)
W =W = (hy —hyy) =T, (55 —55)

_ 16 (W1 — W)
ms(Ws =)

Erro

Medium Temperature Heat Exchanger 2 (MT-2)

g =, =,
My, = Myg = Nl

my(hg —h,) =mg(hy —hy)

E o pestarra = s (W6 =¥3) = it (W5 = ¥15)
W=y, =(hg—h) =T, (s, —s;)

Wi —Wig = (g —hg) =T, (519 — 515)

_ 1y (Whg —Wig)
ms(We—y;)

Epmr—

High Temperature Heat Exchanger 2 (HT-2)

g =1y,
g = 1ty = 1t

mg(h, —hy) =m, (h, —h)

E g pesir2 = s(W5 —wg) =1 (W5 —¥,q)
W, —wy =(h, —hy) =T, (s; —sg)

Vi =V =y = ) = Ty(s,7 = 5,)

_ 1y (W —Wi6)
ms(W; =)

Epmr—s
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(4.37)
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(4.39)
(4.40)

(4.41)

(4.42)
(4.43)
(4.44)
(4.45)
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4.4 Analysis of High-Temperature Steam Electrolysis

High-temperature steam electrolysis (HTSE) is still considered in the early
developmental stage. The HTSE offers a promising method for highly efficient
hydrogen production. From the thermodynamic viewpoint of water decomposition, it is
more advantageous to electrolyse water at high temperature (800-1000°C) because the
energy is supplied in mixed form of electricity and heat. The steam to be dissociated
enters on the cathode side. After the steam has been divided into hydrogen gas and
oxygen ions, the oxygen ions are transported through the ceramic material to the anode
where they discharge and form oxygen gas. The most common ceramic material is

zirconia, ZrO, [124].

There are three possible operating modes for HTE depending on the energy

balance at the electrolyser level: endothermal, isothermal and exothermal.

4.4.1 Endothermal of High-Temperature Steam Electrolysis

The temperature of the steam decreases from the input of the electrolyser to the
output. This corresponds to the best energy efficiency but worst production cost because

an endothermal electrolyser is much more expensive than an exothermal one.

4.4.2 Isothermal of High-Temperature Steam Electrolysis

The temperature of the steam is the same at the input as at the output. The
energy efficiency is better than in the exothermal case but the electrolyser cost still

outweighs better efficiency.

4.4.3 Exothermal of High-Temperature Steam Electrolysis

The temperature of the steam increases from the input of the electrolyser to the
output. This corresponds to the worst energy efficiency but best production cost because
an exothermal electrolyser investment cost is the lowest of the three possibilities. The
exothermal mode is best suited for the geothermal context since the input temperature is

only 230 C.
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The reaction of steam electrolysis is given by:

H,0 - H,+()0, (4.49)
Anode: 20H ,,, — (50, +H,0,,, +2e” (4.50)
Cathede: #,0+2¢ — H,,, +20H ,, (4.51)

Standard thermodynamic parameters such as AH(T), AG(T), and AS(T) are
functions of temperature. Therefore, the standard thermodynamic parameters at
different temperatures can be calculated according to Kirchhoff's equation, entropy
equation and the relation between AG and Nernst potential. The entropy equation and

the Gibbs function. These equations are given by [125-127].

AH = AG +TAS (4.52)
AH(T)=-H, ,(T)+H, (T)+ )1H, (T) (4.53)
AS(T) = =S 1. oy 1)+ S (1) +(5)S,, (T) (4.54)
AG(T) = =Gy oy + G (T) + (4G, (T) (4.55)

Minimum work for electrolysis is the change in the Gibbs function:

W =AG (4.56)

min,el ~

The efficieny of HTE range between 64% to 94% [128]. We take an efficiency of 80%

in the following relation

= - (4.57)

and determine the minimum work as w,_, =97,703kJ/kg H,O since from Equations

4.52 to 4.54, actual work equals to 122,129 klJ/kg H,O.

The advantage of high temperature electrolysis is that some of the energy
required comes from heat. This decreases electricity demand. The effect of electrolysis
temperature on electricity and heat demand is shown in Fig. 4.2. As the electrolysis

temperature increases electricty demand decreases and heat demand increases. As a
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result of beter efficiency of high temperature electrolysis total energy demand also

decreases.

350 T T T T T T T T

300 AH(T otal Energy Demand)
250
200 AG(Electrical Energy Demand)
150

Energy (kJ/mol)

100
TAS(Heat Demand)

50
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TEIectronsis (OC)

Figure 4.2 Energy demand for high temperature electrolysis.

Fig. 4.3 gives the relationship between hydrogen production cost and electrolysis
temperature. At 900 °C, cost of hydrogen per kg is 1.6 €/kg. As the electrolysis
temperature increases, cost of hydrogen production decreases. The trend is almost

linear.
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Figure 4.3 Effect of electrolysis temperature on hydrogen production cost.
4.5 Results of Thermodynamic Analysis

The usable temperature of the geothermal source is approximately 230 °C at 15
bar. The temperature, pressure, and mass flow rate data for water, hydrogen and oxygen
are given in Table 4.1, Table 4.2 and Table 4.3 according to their state numbers
specified in Figure 4.1. The specific physical exergy and energy rates are calculated for
each state, as presented in Table 4.1 through Table 4.3. In this study, the reference state
is taken to be 25[L1C for the reference enviroment, 11/C for summer and -1CC for
winter at a pressure of 100 kPa. The thermodynamic properties of water, hydrogen and
oxygen are obtained using the Engineering Equation Solver (EES) program. Note that

state 0 indicates the restricted dead state for the water, hydrogen and oxygen.

The chemical exergy is associated with the departure of the chemical
composition of a system from that of the environment. For the simplicity, the chemical
exergy considered in the analysis is rather a standard chemical exergy, based on the
standard values of the dead state temperature of 25[1C and pressure of 100 kPa.
Generally, these values are in a good agreement with the calculated chemical exergy,

relative to alternative specifications of the environment. In the analyses, the values of
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the chemical exergies of the reactants and products for electrolyser are taken from

References [125-127].

Using energy and exergy formulations and using state data given in Tables 4.1
through 4.3, calculations are performed. Energetic and exergetic analysis results of the
major components of the system are given in Tables 4.4 through Table 4.6 at three
different dead state temperatures. The results include heat transfer, work, fuel exergy,

product exergy, exergy destruction terms and exergy efficiency.

The results in Tables 4.4 through 4.6 indicate that heat exchangers operate at
relatively high exergy efficiencies and that most exergy destructions in the cycle are due

to heat exchanger network.

Exergy destructions as a function of second-law efficiency (exergy efficiency)
for three dead state temperatures are given in Figures 4.4 through 4.9 for the heat
exchangers of the system. It is clear that as the exergy efficiency increases the exergy
destruction decreases. As the dead state temperature increases from -1°C to 11°C and
25°C, exergy destructions decrease. This indicates that the system performs better at

higher dead state temperatures.

Table 4.4 Energetic and exergetic analyses results for components of the system

at 25 °C.

0 w E, E, E, | » Y €

kW) | &W) | «wW) | &W) | ®W) | %) | ) | (%)
LT-1 5523 0 23320 | 23092 | 228 |10.55]0.08 | 92.6
MT-1 5004 0 27416 | 27325 | 91 |421 |0.03 | 973
HT-1 4866 0 37995 | 36743 | 982 |44.46|037 |73.77
LT-2 1480 0 7025 | 6911 | 114 |527 |0.04 |85.87
MT-2 2244 0 8726 | 8428 | 298 |13.79 | 0.11 |82.83
HT-2 1660 0 12436 | 12295 | 141 |6.52 |0.05 | 89.5
HTSE 0 |122,129 | 147,350 | 147,044 | 306 | 14.16 | 0.11 -
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Table 4.5 Energetic and exergetic analyses results for components of the system

at 11 °C.

0 w E, E, E, | y |7 €

&W) | &KW) | W) | &W) | &W) | %) | (0 | (%)
LT-1 5269 0 23922 | 23575 | 347 |8.63 |0.12 |89.13
MT-1 4775 0 28018 | 27950 | 68 |1.69 |0.02 | 953
HT-1 4649 0 38665 | 37485 | 1180 |29.34 | 0.43 | 74.12
LT-2 1477 0 7553 | 7364 | 192 | 477 |0.07 | 7634
MT-2 2242 0 8769 | 8480 | 289 |7.18 |0.10 | 80.42
HT-2 1664 0 12738 | 12421 | 317 |7.88 |0.11 | 79.45
HTSE 0 |122,129 148,909 | 147281 | 1628 | 40.48 | 0.60 | -

Table 4.6 Energetic and exergetic analyses results for components of the system

at-1°C.
0 w E, E, E, v Y €
kW) | W) | kW) | W) | «W) | %) | 0 | (%)
LT-1 | 5519 0 25327 | 25122 | 205 |4.11 |0.07 | 93.77
MT-1 | 5000 0 28593 | 28497 | 96 |1.92 |0.03 | 97.27
HT-1 | 4870 0 40624 | 39613 | 1011 |20.28 |0.36 | 78.27
LT-2 | 1477 0 7732 | 7491 | 241 |4.83 [0.08 | 76.78
MT-2 | 2242 0 9032 | 8734 | 298 |5.98 |0.10 | 80.25
HT-2 | 1664 0 13016 | 12696 | 320 |6.42 |0.11 | 79.55
HTSE | 0 | 122,129 | 150,288 | 147,476 | 2812 | 56.24 | 1.00 | -
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Figure 4.4 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in Low Temperature Heat Exchanger 1
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Figure 4.5 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in Medium Temperature Heat Exchanger 1
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Figure 4.6 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in HighTemperature Heat Exchanger 1
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Figure 4.7 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in Low Temperature Heat Exchanger 2
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Figure 4.8 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in Medium Temperature Heat Exchanger 2
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Figure 4.9 Exergy destructions as a function of second-law efficiency for three dead

state temperatures in HighTemperature Heat Exchanger 2
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4.6 Conclusions

In this chapter, thermodynamic analysis of the system is performed based on the
first and second law of thermodynamics. Work and heat interactions, exergy
destructions, and exergy efficiencies are determined for the main components of the
system. The effect of exergy efficiency on exergy destructions are determined for three

different dead state temperatures.
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CHAPTER S

EXERGOECONOMIC ANALYSIS

5.1 Introduction

The design of thermal systems requires the explicit consideration of engineering
economics, as cost is always an important consideration. Thermoeconomics (also
known as exergoeconomics) is the branch of engineering that combines exergy analysis
and economic principles to provide information useful for designing a system and
optimizing its operation and cost effectiveness, but not available through conventional
energy analysis and economic evaluation. The objectives of thermoeconomic analysis
include one or more of the following: (a) to calculate separately the costs of each
product generated by a system having more than one product, (b) to understand the cost
formation process and the flow of costs in the system, (c) to optimize specific variables

in a single component, and (d) to optimize the overall system.

In this study, principles of thermoeconomics, as embodied in the specific exergy
cost (SPECO) method, are used to determine changes in the design parameters of the
each equipment that result in an improvement of the cost effectiveness of the
geothermal assisted high temperature electrolysis system. SPECO method is based on
specific exergies and costs per exergy unit, exergy efficiencies, and the auxiliary costing
equations for system components. The method consists of the following three steps: (i)
identification of exergy streams, (ii) definition of fuel and product for each system
component and (iii) allocation of cost equations. For the exergoeconomic analysis, it is
helpful to define a fuel and a product for the components of high temperature

electrolysis system.
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In this chapter, exergoeconomic analysis of geothermal assisted high
temperature electrolysis system is conducted using the methodologies described in

previous chapters. The results are obtained and discussed.

5.2 Economic Analysis

In order to calculate the cost rates of the plant, the economic data is obtained
from Sigurvinsson’s study [66]. This work was based on The Jules Verne project
which marks the first stage of the collaboration between France and Iceland in 2003.
In this work, the HTSE system is supplied as packaged system and cost allocation
among its components (i.e. subsystems) is not separately quoted. However, to obtain
more accurate results from thermoeconomic analysis, the subsystems are considered
as separate and cost allocation of subsystems and the other expenditures are obtained

by using economic relations given in Chapter 3.

The economic life of HTSE system is considered as 40 years that is from
middle of 2005 to middle of 2045. The average capacity factor for the system is
considered as 80% which means that the HTSE system will operate at full load 7008
hours of the total available 8760 hours per year. The cost accounting of the HTSE
system is developed for the mass flowrate of 1.0 kg/s H, production, which means
that the system’s total annual H, production capacity is 34,800 tones. Electricity and
steam costs are taken as 0.014 €kWh and 2.73 €/kWh according to the
Sigurvinsson’s study [123]. Heat exchanger prices are varied according to their
purpose and size in the HTSE system as follows: 400 €/m” for low temperature heat
exchangers for the total surface area of 504 m?, 800 €/m* for medium temperature
heat exchangers for the total surface area of 995 m?, and 4000 €/m” for high
temperature heat exchangers for the total surface area of 189 m” In Table 5.1, the
total capital investment and expenditures of geothermal assisted HTSE system is

given with the corresponding economic data [66].
The average levelized hydrogen production cost per kg H, (HGC) is the

average cost of producing hydrogen for the specific case developed for this study.

The following equation can be utilized to calculate the levelized hydrogen production
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HGC =Y [, +M,+C)(A+r)" /Y [H,(1+r)"] (5.1)

where HGC is the average lifetime levelized hydrogen generation cost per kg H 1 is
the capital expenditures, M is the operation and maintenance expenditures, Ct is the
consumable expenditures, H is the hydrogen generation in the year ¢ in kg, and r is

the discount rate. Table 5.2 lists the results of the average levelized hydrogen
generation cost for the mass flowrate of 1.0 kg/s H,. The cost accounting of the

HTSE system is calculated using a discount rate of 10% [66].

Table 5.1 The total capital investment and expenditures of geothermal assisted

HTSE for the mass flowrate of 1.0 kg/s H, production

Fixed Capital Investment Units Unit Cost Total Cost
HTSE as packaged system 1 108.519 108.519
Freight and installation (5% of - 5.426 5.426
Sin{ple buildings 835 m’ 0.0012 0.983
Buildings for equipments 570 m’” 0.0015 0.839
Office buildings 300 m” 0.0018 0.53
The total FCI 116.297
Variable and Operation &

Maintenance and spaf:evf)\e;rt.sm - 2.17 2.17
Electrolysié equipment overhaul 23 0.3073 7.055
Contingency - 0.092 0.092
The total VOMC 9.317
Offsite Costs

Insurance of buildings --- 0.006 0.006
Insurance of equipment --- 0.358 0.358
Other duties --- 0.079 0.079
Wages of operators 10 persons 0.057 0.570
Wages of maintenance 2 persons 0.042 0.084
Contingency - 0.033 0.033
The total offsite costs 0.762
The total annual cost 10.079
TOTAL INVESTMENT 126.326
COST
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It should also be kept in mind that the levelized costs are not directly
comparable to actual costs at any given year of plant operation. In a conventional
economic analysis of any production system, one may need to know the selling
prices of all but one product in order to calculate the cost associated with this
product. In other words, a conventional economic analysis does not provide criteria
for apportioning the carrying charges, electricity and water costs, and O&M expenses

to the various products generated in the same system.

Table 5.2 The average levelized hydrogen generation cost for the mass flowrate of

1.0 kg/s H,
Levelized Costs Maintenance | Electricity Capital Total Cost
Total cost (M€) 89.400 292.655 113.945 496.001
Cost per kg H, (€/kg) 0.287 0.941 0.366 1.595
Percentage (%) 18.0 59.0 23.0 100

HTSE systems with a higher production capacity than the mass flow rate of
1.0 kg/s H, will produce a lesser amount of production cost. By doubling the
hydrogen production to 2.0 kg/s H,, the relation forecasts a production cost of 1.56
€/kg H,, and by doubling again to 4.0 kg/s the result will be 1.52 €/kg H,. In Table
5.3, the results of the sensibility study are given. The results are calculated by
changing each factor by + 25% and calculating the effect on total production price
[66].

Table 5.3 Sensibility of different factors to price

-25% 0% 25%
Discount rate 1.54 1.6 1.67
Maintenance cost 1.53 1.6 1.68
Electricity cost 1.36 1.6 1.84
Capital cost 1.53 1.6 1.68

5.3 Exergoeconomic Analysis

Thermoeconomics assess the cost of consumed resources, money and system
irreversibilities in terms of the overall production process. It helps to point out how
resources are used more effectively in order to save them. Monetary costs express the
economic effect of inefficiencies and are used to improve the cost effectiveness of
production processes. Assessing the cost of the flow streams and processes in a plant
helps to understand the process of cost formation, from the input resources to final

products [129].
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In this study, specific exergy costing (SPECO) method is used to obtain and
understand the cost formation structure of the HTSE system presented. Exergetic
cost rates balances and corresponding auxiliary equations of the system are given in
Chapter 3. The cost rates associated with first capital investment and O&M costs for
the subcomponents of the HTSE system are given in Table 5.4. Since the level at
which the cost balances are formulated (i.e. aggregation level) affects the results of
the thermoeconomic analysis, the lowest possible aggregation level is set. Exergetic
cost rate balances and corresponding auxiliary equations for each subsystem of
geothermal assisted HTSE system is obtained by SPECO method and are given in the
following equations (Egs. 5.2 through 5.23) referred to the streams given in Fig 4.1.
Solving the linear system consisting of related thermoeconomic equations given in
these equations, we can obtain the cost flow rates and the unit exergetic costs
associated with each stream of the HTSE system. These results are given in Tables
5.5, 5.6 and 5.7 for three environment (dead state) temperatures: standart
environment temperature (25°C), summer temperature (11°C) and winter

temperature (-1°C), respectively.

Low Temperature Heat Exchanger 1 (LT-1)

Cl - Cz + ZLT—] = CIS - C14 + CIS‘ - C14' (5.2)
Cl _Cz — ClS _C14 (5.3)
E1 - Ez E15 - E14

Cl B Cz — CIS' B C14' (5.4)
El _Ez E15' _E14'

Cis = 0 (55)
Medium Temperature Heat Exchanger 1 (MT-1)

Cz - C3 + ZMT—l = C13 - Clz + C13' - ClZ' (5.6)
Cz B C3 C13 B C12 (5.7)
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Cl B Cz CIS' B C12'

El _Ez E13' _E12'

c;=¢, and c; =c,

High Temperature Heat Exchanger 1 (HT-1)

C.13 _C4 +ZHT—1 = Cn _CIO +C11' _CIO'

¢, =¢, and ¢, =c¢,,

Low Temperature Heat Exchanger 2 (LT-2)

Cs _CG +ZLT—2 = CZI _Czo

Medium Temperature Heat Exchanger 2 (MT-2)

C6 - C7 + Z'MT72 = C19 - CIS

Cé _C7 C"19 _CIS

E6 _E7 E19 _EIS

Ci9 = Cy

High Temperature Heat Exchanger 2 (HT-2)

C7 _Cg +ZHT—2 = Cn _Cl6

71

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

(5.20)



C7 _Cs C'117 _C16

= (5.21)
E7 - Es E17 - E16
Cig =Cy5 (5.22)
High Temperature Electrolysis (HTE)
Co+Cy+Cy  +Zyy =Cy +Cy +C (5.23)

Table 5.4 The cost rates associated with first capital investment and O&M costs for

the subcomponents of the HTSE system.

Component Z™ (€/h) Z2M (€/h) Z] (€/h)
LT-1 6.79 0.48 7.27
MT-1 90.64 0.47 91.11
HT-1 257.42 0.46 257.88
LT-2 3.02 0.12 3.14
MT-2 22.94 0.21 23.15
HT-2 39.95 0.16 40.11
HTE 1.45 0.14 1.59

Total Cost 422.21 2.04 424.25
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Table 5.5 The exergy flow rates, cost flow rates and the unit exergy costs associated

with each stream of HTSE system at 25 °C.State numbers refer to Table 4.1.

State No E(kW) C(€/h) C(€/kWh)
1 9035 24,666 2.73
2 11,886 24,575 2.068
3 15,163 24,580 1.621
4 18,685 23,658 1.266
5 3158 8621 2.73
6 3894 8644 2.22
7 5332 8533 1.6
8 6535 8179 1.25
9 - - -

10 13,144 9370 0.7129
11 10,527 10,054 0.9551
12 8548 8164 0.9551
13 6536 8255 1.263
14 8074 10,200 1.263
15 6408 10,253 1.6
10° 9688 448.4 0.0462
1 7801 45.25 0.0058
12° 6982 40.52 0.0058
13 5626 40.51 0.0072
14’ 6211 45.05 0.0072
15° 4798 0 0
16 7104 250 0.0352
17 5760 142.3 0.0247
18 4832 119.7 0.0247
19 3096 15.17 0.0049
20 3864 19.08 0.0049
21 3132 0 0
- 122,129 21,770 0.178
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Table 5.6 The exergy flow rates, cost flow rates and the unit exergy costs associated

with each stream of HTSE system at 11 °C. State numbers refer to Table 4.2.

State No E(kW) C(€/h) C(€/kWh)
1 9471 25,856 2.73
2 12,317 25,796 2.094
3 15,517 25,292 1.662
4 18,943 25,041 1.322
5 3469 9470 2.73
6 4237 9460 2.233
7 5713 9579 1.677
8 6939 9426 1.358
9 - - -

10 12,997 9181 0.7064
11 10,308 9769 0.9477
12 8243 7812 0.9477
13 6363 7903 1.242
14 7830 9729 1.242
15 6103 9765 1.6
10° 10,151 388.5 0.0382
11’ 8234 30.47 0.0037
12° 7458 27.94 0.0037
13 6070 27.92 0.0046
14° 6621 30.71 0.0046
15° 5155 0 0
16 7025 67.51 0.0096
17 5482 127.7 0.0233
18 4532 105.8 0.0233
19 3345 10.7 0.0032
20 4084 13.27 0.0032
21 3078 0 0
122,129 24,832 0.203

WH TE
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Table 5.7 The exergy flow rates, cost flow rates and the unit exergy costs associated

with each stream of HTSE system at -1 °C. State numbers refer to Table 4.3.

State No E(kW) C(€/h) C(€/kWh)
1 10,711 29,241 2.73
2 13,798 29,132 2.11
3 17,220 29,114 1.691
4 20,863 28,190 1.351
5 3746 10,227 2.73
6 4543 10,214 2.248
7 6052 10,330 1.707
8 7297 10,175 1.394
9 - - -

10 12,841 8425 0.6561
11 10,133 9116 0.8996
12 8328 7492 0.8996
13 6226 7583 1.218
14 7632 9298 1.218
15 5851 9362 1.6
10° 10,563 443 0.0419
11’ 8617 53.43 0.0062
12° 7883 49.16 0.0062
13 6467 49.15 0.0076
14’ 6984 53.19 0.0076
15° 5473 0 0
16 6964 68.21 0.0097
17 5399 127.95 0.0273
18 4489 106.5 0.0273
19 3278 12.46 0.0038
20 3986 15.35 0.0038
21 2948 0 0
.Wm 122,129 29,431 0.24

The exergetic cost parameters of the plant components for three environment
temperatures (25 °C, 11 °C and -1 °C) are given in Tables 5.8, 5.9, and 5.10. These
parameters indicate the performance of system components on a rational exergetic

cost basis.
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Table 5.8 The unit exergetic costs of fuels and products, relative exergetic cost

difference, exergoeconomic factor, cost rate of exergy destruction, and total

investment cost rate for the plant components at 25°C.

Componen | ¢,, (€/kWh | c,, (€/kWh |1 (%) (%) | D, (€h | Z'(€h | ¢
LT-1 1.2702 2.068 8.01 |2.44 | 289.605| 727 | 92.6
MT-1 0.9609 1.621 3.12 | 51.0 | 87.442 | 91.11 | 97.3
HT-1 0.7591 1.266 36.4 | 25.7 | 745.436 | 257.88 | 73.7
LT-2 0.0049 2.22 257 | 84.8 | 0.558 3.14 | 858
MT-2 0.0247 1.6 314 | 758 | 7.380 | 23.15 | 82.8
HT-2 0.0352 1.252 209 (889 | 4963 | 40.11 | 895
HTE 2518 0.7942 68.4 | 0.2 | 770508 | 1.59 -

Table 5.9 The unit exergetic costs of fuels and products, relative exergetic cost

difference, exergoeconomic factor, cost rate of exergy destruction, and total

investment cost rate for the plant components at 11 °C.

Componen | ¢, (€/kWh | c,, (€/kWh | t(%) | f(%) | D, (€h | Z"(€h | €
LT-1 1.246 2.094 122 | 1.65 [ 432362 | 7.27 | 89.1
MT-1 0.9514 1.662 527 | 584 | 64.695 | 91.11 | 95.3
HT-1 0.7446 1.322 358 | 22.6 | 878.628 | 257.88 | 74.1
LT-2 0.0032 2.233 443 | 836 | 0614 | 3.14 | 763
MT-2 0.0233 1.677 36.0 | 77.4 | 6.733 | 23.15 | 80.4
HT-2 0.0096 1.358 595 [ 92.9 | 3.043 | 40.11 | 79.4
HTE 2.68 0.7542 | 71.8 [ 0.03 | 4363 1.59 -

Table 5.10 The unit exergetic costs of fuels and products, relative exergetic cost

difference, exergoeconomic factor, cost rate of exergy destruction, and total

investment cost rate for the plant components at -1°C.

Componen | ¢, , (€kWh | ¢, (€/kWh |1 (%) | (%) | D, (€M | Z" (€ &
LT-1 1.2256 2.11 6.66 | 2.81 | 251248 | 727 | 93.7
MT-1 0.9058 1.691 3.15 [51.1 | 8695 | 91.11 | 972
HT-1 0.698 1.351 28.6 | 26.7 | 705.678 | 257.88 | 78.2
LT-2 0.0038 2.248 412 | 774 | 0915 3.14 | 76.7
MT-2 0.0237 1.707 357 [ 76.6 | 7.062 | 23.15 | 80.2
HT-2 0.0097 1.394 579 [92.8 | 3.104 | 40.11 | 79.5
HTE 2.745 0.707 742 10.02 | 7719 1.59 -
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We note the followings from the exergoeconomic results of this HTSE system as

listed in Tables 5.8, 5.9 and 5.10:

* The steam input of the system is 1 kg/s at 230 °C and 1500 kPa. The exergetic cost
rate of the steam entering the system are 8621 €/h, 9470 €/h, 10,227 €/h for state 5
and 24,666 €/h, 25,856 €/h, 29,241 €/h for state 1 at 25 °C, 11 °C and -1 °C
respectively. The specific unit exergetic cost of steam 1is 2.73 €/kWh for each

reference temperature.

* The capital investment cost, the operating and maintenance costs and the total cost
of the HTSE system are found to be 422.21 €/kWh, 2.04 €/kWh and 424.25 €/kWh.
We assume that the operating and maintenance costs are the same value for 25 °C,

11 °C and -1 °C reference temperatures.

* The net electrical power input of the system is 122,129 kW. The exergetic cost rate
of the power input to the system is 21,770 €/h and the specific unit exergetic cost of
the power input to the system is 0.17 €/kWh at 25 °C. The exergetic cost rate of the
power input to the system is 24,832 €/h and the specific unit exergetic cost of the
power input to the system is 0.20 €/kWh at 11 °C. The exergetic cost rate of the
power input to the system is 29,430 €/h and the specific unit exergetic cost of the
power input to the system is 0.24 €/kWh at -1 °C. As the reference temperature of the
system increase, the exergetic cost rate of the power input to the system and the

specific unit exergetic cost of the power input to the system decrease.

» Exergoeconomic factors for high temperature heat exchanger 2 is 92.94% at 11 °C.
It is the highest exergoeconomic factor and has the lowest cost rate of exergy

destruction among three reference temperatures.
* Exergoeconomic factors for high temperature electrolysis is 0.02% at -1 °C. It is the

lowest exergoeconomic factor value and has the highest cost rate of exergy

destruction among three reference temperatures.

77



* The relative cost difference for medium temperature heat exchanger 1 is 3.12% at
25 °C. It is lowest relative cost difference value. This is because of low investment,
operation and maintance costs and high cost of effectiveness.

* The relative cost difference for medium temperature heat exchanger 1 is 59.50% at
11°C. It is highest relative cost difference value and it depends on high cost of

effectiveness.

Cost rate of exergy destructions as a function of second-law efficiency
(exergy efficiency) for three dead state temperatures are given in Figures 5.1 through
5.6 for the heat exchangers of the system. It is clear that as the exergy efficiency
increases the cost rate of exergy destruction decreases. As the dead state temperature
increases from -1°C to 11°C and 25°C, cost rate of exergy destructions decrease.

This indicates that the system performs better at higher dead state temperatures.
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Figure 5.1 Cost rate of exergy destructions as a function of second-law efficiency for

three dead state temperatures in Low Temperature Heat Exchanger 1
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Figure 5.2 Cost rate of exergy destructions as a function of second-law efficiency

for three dead state temperatures in Medium Temperature Heat Exchangerl
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Figure 5.3 Cost rate of exergy destructions as a function of second-law efficiency

for three dead state temperatures in High Temperature Heat Exchanger 1
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Figure 5.4 Cost rate of exergy destructions as a function of second-law efficiency for

three dead state temperatures in Low Temperature Heat Exchanger 2
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Figure 5.5 Cost rate of exergy destructions as a function of second-law efficiency for

three dead state temperatures in Medium Temperature Heat Exchanger 2
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Figure 5.6 Cost rate of exergy destructions as a function of second-law efficiency for

three dead state temperatures in High Temperature Heat Exchanger 2

Cost rate of exergy as a function of second-law efficiency (exergy efficiency) for
three dead state temperatures are given in Figures 5.7 through 5.12 for the heat
exchangers of the system. It is clear that as the exergy efficiency increases the cost rate of
exergy increases. As the dead state temperature increases from -1°C to 11°C and 25°C,
cost rate of exergy destructions decrease. This indicates that the system performs better at

higher dead state temperatures.
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Figure 5.7 Cost rate of exergy as a function of second-law efficiency for three dead
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Figure 5.8 Cost rate of exergy as a function of second-law efficiency for three dead

state temperatures in Medium Temperature Heat Exchanger 1
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Figure 5.9 Cost rate of exergy as a function of second-law efficiency for three dead

state temperatures in High Temperature Heat Exchanger 1
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Figure 5.10 Cost rate of exergy as a function of second-law efficiency for three dead

state temperatures in Low Temperature Heat Exchanger 2
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Figure 5.11 Cost rate of exergy as a function of second-law efficiency for three dead

state temperatures in Medium Temperature Heat Exchanger 2
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Figure 5.12 Cost rate of exergy as a function of second-law efficiency for three dead

state temperatures in High Temperature Heat Exchanger 2
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Exergoeconomic factor as a function of second-law efficiency (exergy
efficiency) for three dead state temperatures are given in Figures 5.13 through 5.18
for the heat exchangers of the system. It is clear that as the exergy efficiency
increases the exergoeconomic factor increases. As the dead state temperature
increases from -1°C to 11°C and 25°C, cost rate of exergy destructions generally
decrease but this decrease is minimal for some of the heat exchangers as shown in
Figures 5.13 through 5.15. This indicates that the system performs better at higher

dead state temperatures.
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Figure 5.13 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in Low Temperature Heat Exchanger 1
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Figure 5.14 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in Medium Temperature Heat Exchanger 1
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Figure 5.15 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in High Temperature Heat Exchanger 1
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Figure 5.16 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in Low Temperature Heat Exchanger 2
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Figure 5.17 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in Medium Temperature Heat Exchanger 2
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Figure 5.18 Exergoeconomic factor as a function of second-law efficiency for three

dead state temperatures in High Temperature Heat Exchanger 2

Relative cost difference as a function of second-law efficiency (exergy
efficiency) for three dead state temperatures are given in Figures 5.19 through 5.24
for the heat exchangers of the system. It is clear that as the exergy efficiency
increases the relative cost differnce decreases. As the dead state temperature
increases from -1°C to 11°C and 25°C, cost rate of exergy destructions decrease at a
small rate. This indicates that the efffect of dead state temperature on relative cost

difference is negligible.
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Figure 5.19 Relative cost differnce as a function of second-law efficiency for three

dead state temperatures in Low Temperature Heat Exchanger 1
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Figure 5.20 Relative cost differnce as a function of second-law efficiency for three

dead state temperatures in Medium Temperature Heat Exchanger 1
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Figure 5.22 Relative cost differnce as a function of second-law efficiency for three

dead state temperatures in Low Temperature Heat Exchanger 2
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5.4 Conclusions

Results are presented of the economic and exergoeconomic analyses of
geothermal assisted high temperature electrolysis for hydrogen production, including
estimates of hydrogen cost. The parameters studied include the exergy efficiency,
rates of exergy destruction and exergy loss, the exergy destruction ratio, cost rates
associated with exergy destruction, capital investment and operating and

maintenance costs, the relative cost difference of unit costs, and exergoeconomic

factor.
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CHAPTER 6

CONCLUSIONS

This study is on thermodynamic and thermoeconomic analysis of geothermal assisted
high temperature electrolysis system for hydrogen production. Thermodynamic
performance parameters and required data are calculated. Economic data are taken
from Sigurvinsson [123] and used for thermoeconomic analysis. The HTSE system

produces 1 kg hydrogen per second and consumes 122,129 kW electricity.

The following is a summary of conclusions based on the the results of the study:

1. Thermodynamic relations of the system are given in Chapter 4 based on the
general thermodynamic relations in Chapter 3. The temperature, pressure, and mass
flow rate data and certain exergy evaluations of the plant are presented in Table 4.1,
Table 4.2 and Table 4.3 for 25 °C, 11 °C and -1 °C reference temperatures,
respectively. Energy and exergy calculations are done using a computer program
with built in thermodynamic functions. Energy and exergy analyses results of the
system are given in Table 4.4, Table 4.5 and Table 4.6 at 25 °C, 11 °C and -1 °C

reference temperatures, respectively.

2. The economic life of HTSE system is 40 years. The length of operation is 7008
hours per year. Cost of hydrogen production is 1.6 €/kWh for 1 kg hydrogen
production. The cost of steam entering the system is 2.73 €/kWh. The hourly
levelized costs of capital investment, operating and maintance costs, and the total

costs of the components of the system are given in Table 5.4.
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3. In this study, specific exergy costing (SPECO) method is used to obtain the cost
formation structure of the system. Exergetic cost rates balances and corresponding
auxiliary equations of the plant are given in Chapter 3. Exergetic cost rate balances
and corresponding auxiliary equations are formulated for each component of the
system. Auxiliary equations are found by applying F and P principles. Results
obtained are given in Table 5.5, Table 5.6, and Table 5.7 for 25 °C, 11 °C and -1 °C
reference temperatures, respectively. The exergetic cost parameters of the system
components are given in Table 5.8, Table 5.9, Table 5.10 at 25 °C, 11 °C and -1 °C
reference temperatures, respectively. These parameters indicate the performance of
system components on a rational exergetic cost basis. The steam input of the system
is 1 kg/s at 230 °C and 1500 kPa. The exergetic cost rate of the steam entering the
system are 8621 €/h, 9470 €/h, 10,227 €/h for state 5 and 24,666 €/h, 25,856 €/h,
29,241 €/h for state 1 at 25 °C, 11 °C and -1 °C, respectively. The specific unit
exergetic cost of steam 1s 2.73 €/kWh for all three reference temperatures. The
capital investment cost, the operating and maintenance costs and the total cost of the
HTSE system are found to be 422.21 €/kWh, 2.04 €/kWh and 424.25 €/kWh. We
assumed that the operating and maintenance costs are the same for 25 °C, 11 °C and

-1 °C reference temperatures.

4. The net electrical power input to the system is 122,129 kW. The exergetic cost rate
of the power input to the system is 21,770 €/h and the specific unit exergetic cost is
0.17 €/kWh at 25 °C. The corresponding parameters are 24,832 €/h and 0.20 €/kWh
at 11 °C while they are 29,430 €/h and 0.24 €/kWh at -1 °C. When the reference
temperature of the system increase, the exergetic cost rate and the specific unit

exergetic cost of the power input to the system decrease.

5. Exergoeconomic factors for high temperature heat exchanger 2 is 92.94% at 11
°C. It is the highest exergoeconomic factor value and has the lowest cost rate of
exergy destruction among the three reference temperatures. Exergoeconomic factor
for high temperature electrolysis is 0.02% at -1 °C. This is the lowest
exergoeconomic factor value and has the highest cost rate of exergy destruction
among three reference temperatures. The relative cost difference for medium
temperature heat exchanger 1 is 3.12% at 25 °C. This is because of low investment,

operation and maintance costs and high cost of effectiveness. The relative cost
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difference for medium temperature heat exchanger 1 is 59.50% at 11°C. This is due

to high cost of effectiveness.

The results of the energy, exergy and exergoeconomic analyses provide
valuable information on exergetic and cost performance of the system. These include
exergy destructions and efficiencies and cost allocation among various components
of the system. This information may be used to improve thermodynamic
performance of the system. It may also be used for an exergoeconomic optimization

to reduce the product costs.
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