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Resumo
O sistema de armazenamento de energia criogênica (CES) é uma tecnologia emergente
que pode melhorar a estabilidade da rede elétrica respondendo aos desequilíbrios na
produção e no consumo de energia elétrica e, consequentemente, contribuir para aumentar
a participação de fontes de energia renováveis intermitentes conectadas à rede. Além disso,
os sistemas CES podem ser integrados à indústria, usinas de energia e setores de serviços,
fornecendo capacidade e energia após uma falha do sistema (blackout). No entanto, a
eficiência do ciclo CES, sua integração e os modos de operação dos processos de carga e
descarga requerem investigações adicionais.

Esta pesquisa visa aprimorar o desempenho da tecnologia CES por meio da operação
simultânea dos processos de carga e descarga, explorando seu potencial de co-geração e
adotando algumas modificações no layout do ciclo para aumentar a produção de energia.
Além disso, a tese propõe uma metodologia sistemática para projeto e avaliação de sistemas
CES. É demonstrada a superioridade da modificação conceitual referente à simultaneidade
dos processos de armazenamento e descarga em relação a tecnologias semelhantes. Para isso,
três alternativas principais com diferentes modos de operação são projetadas, simuladas
e avaliadas usando critérios termodinâmicos e econômicos. Primeiramente, uma análise
termodinâmica e um modelo matemático detalhado baseado em balanços de massa, energia
e exergia são desenvolvidos. Além disso, os principais métodos econômicos, como valor
presente líquido (VPL), taxa interna de retorno (TIR), período de retorno (PBP), relação
benefício-custo (B/C) e custos nivelados são avaliados. Um procedimento de otimização
e uma análise de sensibilidade utilizando o software Engineering Equation Solver (EES)
são realizados para investigar a influência de alguns parâmetros nos principais índices e
indicadores.

Com base nas premissas estabelecidas, verifica-se que a operação simultânea dos processos
de carga e descarga e a modificação do layout do sistema CES produzem uma redução no
consumo de energia durante o processo de armazenamento de 19,9 % e um aumento na
produção de energia de 59,6 % durante o processo de descarregamento, levando a uma
melhoria significativa da eficiência de ida e volta em comparação com o caso base. Para
o calor residual disponível a 600 K, uma pressão da bomba de saída de 20 MPa e uma
capacidade do tanque criogênico de 200 t, a eficiência de ciclo completo atinge entre 38,5 e
46,8 %. Os resultados também mostraram que o rendimento líquido específico encontrado
é de 0,412 𝑘𝑔𝐿/𝑘𝑔𝑎, resultando em 39,3 % maior do que na investigação anterior em que
este estudo se baseia. As análises termodinâmicas e a otimização mostram que a densidade
de exergia e o fator de utilização de exergia no regime de descarga são determinados como
133,5 𝑘𝑊ℎ/𝑚3 e 89,2 %, respectivamente. A densidade exergética é comparativamente
maior do que a de outras tecnologias, como armazenamento de energia hidroelétrica



bombeada (PHES) e armazenamento de energia por ar comprimido (CAES). A análise
econômica sugere que o sistema CES de cogeração é altamente competitivo com outras
tecnologias de armazenamento. O custo de investimento específico do sistema CES ótimo
resultou de 1301,4 a 782,3 $𝑈𝑆/𝑘𝑊 e o período de retorno variou entre 20,9 e 15,2 anos,
dependendo da escala do sistema CES. Por fim, o estudo revela que a rentabilidade do
sistema CES de cogeração é altamente sensível à temperatura do calor residual, ou seja,
quanto maior a temperatura de reaquecimento, maior o valor presente líquido.

Palavras-chaves: armazenamento de energia criogênica, cogeração, exergia, ciclo de
Claude, análise econômica.



Abstract
Cryogenic energy storage (CES) system is an emerging technology that can improve the
stability of the power grid by responding to imbalances in electrical energy production and
consumption, and consequently, contribute to enhancing the participation of grid-connected
intermittent renewable energy sources. Additionally, CES systems can be integrated into
the industry, power plants and service sectors, providing capacity and energy after a
system failure (blackout). Nevertheless, the CES cycle efficiency, its integration and the
operation modes of charging and discharging processes require further investigations.

This research aims to enhance the performance of the CES technology through the
simultaneous operation of the charging and discharging processes, exploring its potential
for cogeneration and adopting some modifications in the cycle layout to increase energy
production. Moreover, the thesis proposes a systematic methodology for CES systems
design and evaluation. The superiority of the conceptual modification referred to the
simultaneity of storage and discharge processes with respect to similar technologies is
demonstrated. For this, three main alternatives with different operation modes are designed,
simulated and evaluated using both thermodynamic and economic criteria. First of all, a
thermodynamic analysis and a detailed mathematical model based on mass, energy and
exergy balances are developed. Additionally, the main economic methods, such as net
present value (NPV), internal rate of return (IRR), payback period (PBP), benefit cost
ratio (B/C) and levelized costs are assessed. An optimization procedure and a sensitivity
analysis using the Engineering Equation Solver (EES) software are conducted in order to
investigate the influence of some parameters on the main indexes and indicators.

Based on the established assumptions, it is found that the simultaneous operation of
the charging and discharging processes and the layout modification of the CES system
produce a reduction in power consumption during the storage process of 19.9 % and an
increase in the power production of 59.6 % during the discharging process, leading to a
significant improvement of the round-trip efficiency compared to the base case. For waste
heat available at 600 K, an outlet pump pressure of 20 MPa and a cryogenic tank capacity
of 200 t, the round-trip efficiency attains to be between 38.5 and 46.8 %. The results also
showed that specific liquid air yield is found to be 0.412 𝑘𝑔𝐿/𝑘𝑔𝑎, resulting in 39.3 % higher
than that of the previous investigation this study is based on. Thermodynamic analyses
and optimization show that the exergy density and exergy utilization factor in discharging
regime are determined as 133.5 𝑘𝑊ℎ/𝑚3 and 89.2 %, respectively. The exergy density
is comparatively higher than that of other technologies, such as pumped hydroelectric
energy storage (PHES) and compressed air energy storage (CAES). The economic analysis
suggests that the cogeneration CES system is highly competitive with others storage
technologies. The specific investment cost of the optimal CES system resulted from 1301.4



to 782.3 $𝑈𝑆/𝑘𝑊 and the payback period ranged from 20.9 to 15.2 years, depending on
the CES system scale. Finally, the study reveals that the profitability of the cogeneration
CES system is highly sensitive to the waste heat temperature, that is, the higher the
reheat temperature, the greater the net present value.

Key-words: cryogenic energy storage, cogeneration, exergy, Claude cycle, economic
analysis.
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1 Introduction

The concern about global warming due to greenhouse gases emissions caused by
prolonged use of fossil fuels has led to the increasing application of renewable energy sources
for electricity generation. As a result of this trend, fossil fuels demand is falling down
around the world while renewable energy sources are experienced an annual growing rate of
about 7 % [1]. Figure 1.1 shows the predicted evolution of the total power generation up to
2040. The combination of energy sources used for electricity generation will substantially
shift over the coming years, with renewables increasing in importance. The main reduction
of fossil fuel consumption will be experienced by oil and coal. Even so, coal will remain the
largest primary source of power production in 2040, with a share of around 30 %. That is,
the world energy consumption is moving to the use of clean, affordable and sustainable
energy sources. For example, solar photovoltaic electricity production increased from 4
TWh to 554 TWh over a period of 13 years, that is, from 2005 to 2018, whereas in the
same period, wind electricity production grew up from 104 TWh to 1273 TWh [13]. Brazil
also experienced an increasing trend from 2017 to 2018, where photovoltaic and wind
electricity generation increased from 0.8 GWh and 42.4 GWh to 3.5 GWh and 48.5 GWh,
respectively [14].

Globally, among the renewable energy sources, wind and solar will experience a
significant growth across all regions around the world, as illustrated in Fig. 1.2, which
illustrates the penetration in the power grid of the installed capacity for solar and wind
renewable energy sources in 2016 for different regions around the world and their previsions

Figure 1.1 – Prediction of the evolution of total power generation around the world [1].
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Figure 1.2 – Wind and solar renewable energy sources penetration across all regions [2].

for 2040. It is expected that more than 20 % of the electricity delivered in North America
and Europe will come from wind and solar in 2040. Nevertheless, the increased penetration
of renewable energy sources into the power network faces nowadays significant challenges.
For instance, the natural intermittence of renewable energy sources causes severe difficulties
to the electrical grid, increasing the challenge of balancing power supply and demand [15].
Moreover, when the penetration of the fluctuating renewables exceeds 20 %, the voltage
and frequency stability of the power grid can be seriously affected without an available
reserve capacity [16]. Forecasts suggest that intermittency will still limit the utilization to
around 30 % for wind and 20 % for solar energy in 2040, as shown in Fig. 1.2.

The aforementioned issues can be addressed by Electrical Energy Storage (EES)
technologies, which are recognized as valuable alternatives to improve the power grid
flexibility. The EES systems absorb excess electricity generation when demand is very low
[17, 18, 19].When power is needed, the stored energy is recovered by conventional power
cycles, which contributes to reducing the use of fossil fuel generators and consequently
the 𝐶𝑂2 emissions. Pumped hydroelectric energy storage (PHES) and compressed air
energy storage (CAES) technologies are considered to be the most mature and widespread
procedures for large-scale applications. The PHES technology accounts for more than 99%
of the storage systems used worldwide [20], achieves specific cost of 600 - 2000 $𝑈𝑆/𝑘𝑊 ,
operational life time of 40 - 60 years and its round-trip efficiency varies in practice between
65 - 87% [5]. However, PHES systems have geographical restrictions, low energy density
of 0.5 - 1.5 𝑘𝑊ℎ/𝑚3 and the environmental concern is a critical point. For instance, this



Chapter 1. Introduction 29

Figure 1.3 – Mode of operation of a cryogenic energy storage system [3].

technology requires large-scale water reservoirs, which have reached their limits in some
developed countries [21]. In addition, for large-scale water reservoirs, the environmental
impacts are significant in terms of soil, water quality and biodiversity. These impacts
bring about socioeconomic issues, such as, displacement and loss of source of revenue
for population living around the lock away area, prevalence of diseases in neighboring
communities and loss of resources to support traditional ways of life [22]. Regarding to
CAES system, it is the second most applied technology for energy storage in the world.
There are currently two grid-scale CAES plants, in Alabama, a 110 MW plant and a
290 MW plant in Huntorf, Germany [23]. The main advantage of CAES systems is that
they have acceptable capital cost (970 - 5000 $𝑈𝑆/𝑘𝑊 ), long operational lifetime (20 - 40
years), are based on well established technologies and their round-trip efficiency can reach
between 38 - 60% [5]. However, CAES systems also have geographical restrictions, since
they require large-scale underground caverns to storage the compressed air and low energy
density of 3 - 20 𝑘𝑊ℎ/𝑚3. In general, the storage technology required to overcome the
challenges of the penetration of renewables into the power grid should present an integral
solution in terms of technical, environmental and economic feasibility.

In this scenario, cryogenic energy storage (CES) systems can provide a suitable
solution, acting as bulk electricity storage and back-up power generation. During off-peak,
CES systems can be able to absorb and store in a cryogenic fluid excess renewables power
when the grid demand is very low. The cryogenic liquid produced in the liquefaction
process is stored in an insulated tank at low pressure, which performs as an energy store,
as illustrated in Fig. 1.3. At peak times or when the power demand and electricity prices
are high, cryogenic liquid is pumped to high pressure and converted in a high pressure gas
through heat exchangers and supplied in expansion turbine to generate electricity, thus,
fossil fuel generators can be displaced and 𝐶𝑂2 emissions reduced. Consequently, the use
of CES systems can turn the intermittent renewables to be a dispatched and controlled
power sources.
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The CES systems do not use toxic materials like battery energy storage (BES)
systems and can develop a power rate comparable with PHES and CAES technologies, as
shown in Fig. 1.4, with the advantages of having no geographical restrictions and achieve
high round trip efficiency when they are integrated to renewables and conventional power
plants [24]. In addition, CES technology presents high energy density (120 - 200 𝑘𝑊ℎ/𝑚3),
most of the components are available in the market and it has long useful life (>30 years) [5].
All of these explain why CES power plants have received increasing attention from several
researchers. However, none of these studies has brought up the simultaneous operation of
the charging and discharging processes for CES systems operating in a cogeneration regime,
and neither have they quantitatively evaluated the application of the first and second laws
of thermodynamics of this simultaneous operation on the main indexes and indicators.
Moreover, the economic analysis of CES systems, which is an important criterion for
technology selection, is limited in the current literature and there are no detailed feasibility
analyses. The current study, based on Abdo et al. [10] and [9], covers these knowledge gaps
and addresses the aforementioned drawbacks of other technologies by proposing a novel
cogeneration CES system with the simultaneous operation of the charging and discharging
processes and using only air as working fluid. The main modifications incorporated into
the proposed cogeneration CES system are summarized as follows: (i) it liquefies a minor
amount of fluid during the power generation regime, and generates a minor amount of
power during the liquefaction regime; (ii) it uses a multi-expansion turbine with re-heaters
fed by an external source of energy [25, 26, 27]; (iii) it uses an expander split into two
sections, employing the environment as a heat source before the second expansion.

1.1 Research objectives.
The present thesis investigates the thermodynamic and economic viability of a novel

cogeneration CES system based on the Claude cycle. Then, the general objective aims
to enhance the performance of the base case CES system proposed in [9] by employing
cogeneration, a new layout architecture for power production and the simultaneous
operation of the charging and discharging circuits using external sources of thermal energy.

The specific objectives of this research include:

1. To develop mathematical models to perform the thermodynamic and economic
analyses of cogeneration CES systems in order to find out the influence of the main
parameters on the indexes and indicators;

2. To verify the mathematical models throughout a systematic comparison of the
performance characteristics of CES cycles with those stated in the literature;
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Figure 1.4 – Representation of the power rating and discharge time of current energy
storage technologies [4].

3. To design, through thermodynamic principles, cryogenic energy storage systems that
operate under a cogeneration regime in order to improve their performance;

4. To quantify the impact of the simultaneous operation of the charging and discharging
processes and the new layout architecture for power generation on the thermodynamic
performance of the cogeneration CES systems;

5. To evaluate the economic feasibility of the simultaneous operation of the charging and
discharging processes of the cogeneration CES systems through sensitivity analysis
of the main economic selection criteria, such as net present value (NPV), internal
rate of return (IRR), benefit cost ratio (B/C) and payback period (PB).

1.2 Contribution of the research.
The most important contributions of this research can be summarized as follows:

1. The fundamental principles and thermodynamic characteristics of the simultaneous
operation of the charging and discharging processes and its effect on the performance
of cogeneration CES systems;
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2. A systematic methodology based on thermodynamic and economic models, which
will help in the understanding of the CES systems behavior and improve the accuracy
of the results during the design, evaluation and selection of this storage technology;

3. Improved CES system performance through the use of the simultaneous operation
of the charging and discharging processes, cogeneration, waste heat recovery and a
different layout topology for power production employing only air as working fluid.

1.3 Thesis outline.
This thesis is structured in five chapters. Chapter one focuses on the background

and motivation, the main objectives of the thesis, the contribution of the research and the
structure of the whole thesis.

Chapter two reviews the most important technologies related to CES systems.
The history of cryogenics is briefly reviewed, presenting the technology evolution up to
nowadays. After that, the basic concepts of cryogenic, advantages and applications are
presented. A number of scientific researches concerning of hybrid CES systems, cryogenic
cycles, poly-generation in CES technology and economic feasibility analysis are discussed.
Finally, a summary of the chapter is given. The literature review aims to uncover the
research gaps and opportunities to improve the CES systems performance.

Chapter three provides the thermodynamic and economic methodology to model the
CES cycles. The considered CES systems topologies are presented, the design modifications,
the cogeneration proposal and the simultaneous operation of the charging and discharging
processes are justified, the main assumptions adopted for simulation are introduced and
a general procedure combining exergy analysis, genetic algorithms optimization and
uncertainty assessment is proposed. The aim of this chapter is to develop thermodynamic
and economic models in order to investigate the CES systems performance by parametric
studies.

Chapter four analyses the enhancement of the CES systems performance and
establishes comparison between their operation modes from thermodynamic and economic
point of views. The main results from the analysis of CES systems performance, the
sensitivity of the indexes and indicators, the optimization outcomes and the verification
of the mathematical model are discussed. This chapter aims to find out the impact of
the simultaneous operation of the charging and discharging processes and the design
modifications on the performance of the CES systems.

Chapter five summaries the key conclusions of the research work and the most
important achievements, as well as the main limitations. Recommendations for future
investigations are also provided.
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2 Literature review

The literature review of cryogenic energy storage systems is focused on a brief
history about the emergence and development of cryogenic science, remarking the successes
for the liquefaction of cryogenic fluids by the most relevant scientists involved in this area
of knowledge. In addition, the development of CES technology is also presented. As an
important element to assess the design and operation of CES systems, the thermodynamic
properties of cryogenic fluids are approached. This chapter also highlights the main types
of stand-alone CES cycles. The efforts of some researchers to raise the overall efficiency of
CES systems by their integration with renewable energy sources and conventional power
plants is presented. Next, some relevant investigations about the polygeneration of CES
systems are analyzed. For the introduction of any technology to the global market must
be proved its economic viability, that is why the economic assessment to CES systems
is additionally examined. Finally, the most remarkable contributions and gaps in the
current knowledge about the enhancement of cryogenic energy storage technologies are
summarized.

2.1 History of cryogenics.
Cryogenics is the science and technology concerned with the low temperature

processes and techniques. The word comes from the Greek word "kryo" meaning "cold"
and "genic" meaning "to produce or generate" [11, 7]. The term "cryogenic" was first used
in 1894, in a paper titled “On the cryogenic laboratory at Leiden and on the production of
very low temperatures” [28]. It was in 1950s when engineers and scientists at the National
Bureau of Standards (NIST) suggested to establish the field of cryogenics at temperature
below 123 K (–150 ∘C). This temperature was selected because the domestic refrigerants
boil at temperature above 123 K [29].

Among others, permanent gases, such as oxygen, nitrogen, hydrogen, and helium
are used as cryogenic fluids, so they become liquid at temperature below 123 K [7, 29]. For
many years scientists from different countries tried to liquefy air and others permanent
gases, but it was in 1877 that Louis Cailletet in France and Raoul Pictet in Switzerland
were successful in producing liquid air [28]. In 1895 air was liquefied at industrial scale
by Linde. He compressed air from 2 to 6 MPa and cooled to ambient temperature, then
fed in to a counter flow heat exchanger and expanded using the Joule-Thomson effect,
thereby lowering its temperature up to obtain the liquid air [30]. Then, in 1883, Simon
von Wroblewski and K. Olszewski in Cracow, Poland, produced liquid oxygen [30].

Louis Cailletet in 1877 claimed to see hydrogen mist, and other scientist, Maunier,
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confirmed him. Later, Cailletet admitted he had not seen any mist during the first test.
The liquefaction of hydrogen was succeeded for the first time by Sir James Dewar in 1898,
pressurizing gaseous hydrogen at 180 bar and pre-cooling it at 23 K with carbonic acid
and liquid air, and expanded up to atmosphere, Dewar found the boiling point of hydrogen
at 20 K and obtained 4 cc/min of liquid hydrogen flow rate [28]. Helium gas was the last
element to be liquefy. It was first discovered in 1868 by Lockyer and Frankland, later
found in earth mineral and finally in natural gas and air. The physicist Heike Kamerlingh
Onnes liquefied helium in 1908, at a temperature of 4.2 K. To do this, helium gas was
compressed to 40 bar, cooled in heat exchangers and throttle to ambient temperature,
thereby being partially liquefied [30].

Liquefaction of gases can be produced by heat conduction and cooling by fast
expansion (the Joule-Thomson effect). In conduction process, the gas to be liquefied is
immersed in a cryogenic liquid or cooled by cryogenic refrigeration until condensation
takes place, for this, a heat exchanger is used. The Joule-Thomson effect was discovered
by William Thomson, Lord Kelvin, and James Prescott Joule in 1852 [30, 11, 7]. They
found that when a gas is rapidly expanded, its temperature dramatically drops and certain
amount of liquid is produced.

In 1977 the University of Newcastle (UK) proposed a liquid air energy storage
(LAES) technology concept for peak shaving of electricity grids [24]. Subsequent develop-
ment of the technology has been carried out by Mitsubishi Heavy Industries and Hitachi
(Japan) and Highview Power Storage in collaboration with the University of Leeds (UK)
[31, 32]. The first pilot plant around the world was built by Highview Storage and is at
present located at the University of Birmingham, School of Chemical Engineering, UK.
Chengdu Air Separation Corporation supplied the liquefaction unit. The pilot plant has a
power rate of 350 kW with integration of waste heat at 60 ∘C. A 60 ton capacity cryogenic
tank, which is able to store 2.5 MWh of energy. Meanwhile, the maximum liquid air
production rate and specific liquefaction work are 1.44 t/h and 0.73 MWh/t respectively.
All the components of the plant are commercially available, except the high grade cold
thermal storage [31, 24]. In recent June 5, 2018, Highview Power officially launched the
world’s first grid-scale cryogenic energy storage (CES) plant. The 5 MW/15 MWh LAES
plant is located close to Manchester, United Kingdom and has a lifespan of between 30
and 40 years. Furthermore, the plant that is able to deliver electricity to power about
5000 homes for three hours, will provide grid balancing, reserve and regulation services.
According to Highview Power, world energy storage market is expected to grow by 2030
to a cumulative of 125 GW/305 GWh. The historical development of CES technology is
illustrated in Fig. 2.1.
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Figure 2.1 – Cryogenic energy storage development over time. Adapted from [5].

2.2 Thermodynamics properties of cryogenic fluids.
An accurate thermal analysis for CES systems could be well performed when the

thermodynamic properties of the working fluids can be established. Thus, the design and
evaluation performance of thermodynamic processes are thermal and transport properties
dependent. A series of diagrams and tables (Figures 2.2 and 2.3) have been prepared over the
years to represent the thermodynamic properties and facilitate the engineering calculation
[33, 34, 35]. The diagrams involve the different relationship among properties, that is,
temperature-entropy, pressure-temperature, pressure-enthalpy and others [36, 37, 38]. With
the develop of computer programming, many engineering softwares have included in their
database the thermodynamic and transport properties calculation. Engineering Equation
Solver (EES) software is an example. For this research, the EES software (64-bit Academic
professional license) is used to determine the working fluid properties for the real gas.

Air is composed by various gases, of which nitrogen (𝑁2) and oxygen (02) together
account for approximately 99.03 % of the total sample volume. For practical purposes, it
is considered, by mole fraction and excluding water vapor, as a mixture of 78.084 % 𝑁2,
20.946 % 02, 0.934 % Ar, 0.033 % 𝐶𝑂2, and 0.003 % of other gases, such as Ne, He, Kr
and Xe [39, 40]. Air has a boiling point of 78.78 K and 867.7 𝑘𝑔/𝑚3 as density, as shown
in Table 2.1. Liquid air is principally used in the production of pure nitrogen, oxygen, and
other gases for their application in the steel, petrochemical and metal industries where
large amounts of oxygen and nitrogen are required. Lately, air is being studied as a working
fluid in different cryogenic energy storage systems [41, 42, 10], that is, it has become a
new energy vector for electricity production as atmosphere air is broadly available without
limit for the energy storage power plants. Nitrogen is another important cryogenic fluid,
it boils at 77.33 K, freezes at 63.22 K and in liquid state has a density of 800.9 𝑘𝑔/𝑚3,
as illustrated in Table 2.1. This cryogenic fluid is produced by distillation of liquid air.
It has wide range of application, it is used to provide an inert atmosphere in chemical
and metallurgical processes, for magnet refrigeration, food and blood preservation, among
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Critical point, Tc, Pc 

Figure 2.2 – Temperature and entropy diagram for nitrogen [6].

 

Critical point, Tc, Pc 

Figure 2.3 – Pressure and enthalpy diagram for nitrogen [6].

others [37]. The large amount of nitrogen production, as a waste product from oxygen
separation, transforms this cryogen in a promising energy vector [43].

The cryogenic fluids (Table 2.1) at ambient conditions are highly superheated, but
their pressure are well bellow critical pressures. When the temperature and pressure of a
certain gas are brought into the region between the saturated liquid and saturated vapor,
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Table 2.1 – Properties of cryogenic fluids [11].

Table 2.2 – Specific work of liquefaction for cryogenic fluids [7].

as depicted in Figures 2.2 and 2.3, a portion of gas becomes liquid or condensate, verifying
the liquefaction process. For instance, if a gas at 𝑃1 pressure and T temperature, where
𝑇 > 𝑇𝑐 (Fig. 2.2) is desired to be liquefied, it is necessary to increase its pressure and
reduce temperature to take the final thermodynamic state into the liquid-vapor region.
Thus, heat must be taken from the gas to be liquefied. Liquefaction by cooling or expanding
the gas in a reversible way are the two common procedures to liquefy cryogenic fluids [44].
Butane, propane and mixtures of hydrocarbons can be obtained as liquids by cooling. The
Joule-Thomson effect is another method to obtain liquid from gases [45, 37]. The procedure
consists of driving gas through a porous plug or expansion valve, initially, as a result of a
pressure drop through the device, the temperature increases up to a certain value, then,
the continuous decrease in pressure produces a drop or decrease in temperature. During
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this process, the enthalpy remains constant and a fraction of liquid from gas is obtained,
it can be easily verified by the application of the first law of thermodynamics [7, 46, 47].

How it has been said before, to bring the cryogenic gases to liquid, the pressure
must be increased and temperature reduced. The work of liquefaction is the parameter used
to compute the energy required to produce the unit of liquid mass. For air, the ideal work
of liquefaction is 738.9 kJ/kg, 3.8 % lower than that of nitrogen, as illustrated in Table 2.2.
Hydrogen gas requires a minimum work of 12019 kJ per kilogram of liquid yield, it is the
gas that requires more energy to be liquefied. The selection of the working fluid for the
CES systems must be done by observing, from a critical point of view, the most relevant
thermodynamic properties to help in the design and optimization of these promising
technologies. The use of the cold exergy during the air distillation and liquefaction of
natural gas can bring substantial benefits to recover low grade heat in those thermal
processes [48, 49, 26].

The CES system is often called LAES (Liquid Air Energy Storage) system, because
air is generally used as the working fluid. However, in this thesis CES is used instead,
because this system can be adapted for other alternative cryogenic fluids such as carbon
dioxide (𝐶𝑂2) [50], hydrogen (𝐻2) [51, 52], nitrogen (𝑁2) [25, 53], helium (𝐻𝑒) [54, 55, 56],
and methane (𝐶𝐻4) [43], just to mention the most relevant cryogenic fluids. For other
interests, it can also be checked Ref. [6]. The use of different working fluids to improve
the liquefaction and expansion processes performance has been studied by several authors.
Khalil et al. [57] thermodynamically evaluated a CES system integrated into a Rankine
cycle using liquid nitrogen and liquid air as cryogenic working fluids. The results showed
that the use of liquid air as the working fluid significantly improved the performance of
the plant compared to nitrogen. The study reported a round-trip efficiency of 84.15 %
for the liquid air system and 63.27 % for nitrogen. In other research, Zhang et al. [50]
compared a compressed 𝐶𝑂2 energy storage (CCES), an adiabatic CAES (AA-CAES) and
a 𝐶𝑂2 CES system. The results indicated that CCES presented a round-trip efficiency
4.05 % higher than 𝐶𝑂2 CES system, and also found an energy density for CCES 2.8
times greater than AA-CAES.

In [43], authors evaluated a Joule-Thomson cryogenic cycle for five cryogenic fluids
(Air, Nitrogen, Oxygen, Argon and Methane) and found, by thermodynamic comparison,
that methane presented the highest liquefaction efficiency and recovery efficiency with
approximated values of 30 % and 38 %, respectively. The liquefaction and recovery
efficiencies reached, respectively, their maximum values for a compressor discharge pressure
of 35 MPa and a turbine inlet pressure of 10 MPa. For the other analyzed cryogenic
fluids, the liquefaction efficiency varied in the range of 12 % to 22 %, whereas for that
of recovery efficiency, the other four cryogenic fluids performed in the range of 31 % to
34 %. Wang et al. [17] studied a 𝐶𝑂2 CES system integrated into an organic Rankine cycle
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(ORC) and powered by wind energy. The results showed that round-trip efficiency and
energy density reached 56.64 % and 36.12 𝑘𝑊ℎ/𝑚3, respectively. Comparing to AA-CAES,
round-trip efficiency showed lower results, but energy density was favorable for the hybrid
CES system (2.91 𝑘𝑊ℎ/𝑚3 < 36.12 𝑘𝑊ℎ/𝑚3). The authors in [58] proposed the use
of propane and methanol as cold fluids for a CES system. The thermodynamic analysis
indicated a round-trip efficiency in a range of 54 % to 55 %, and the highest irreversibilities
located in the air compression process and heat exchangers. The right selection of the
cryogenic working fluid is crucial to obtain optimum performance in CES systems. The
most significant features of an appropriated cryogenic working fluid are low flammability
and toxicity, availability, compatibility and stability with others materials and properties.
For instance, the lower the boiling point the higher the specific liquefaction work, which
leads to decreasing performance of cryogenic power generation cycles. All of these explain
why air has become the most used cryogenic fluid.

2.3 Cycles for cryogenic energy storage.
The liquefaction of gases is applied to increase the density and reduce the volume

to be stored and transported, in this way the commercialization of such products becomes
cost effective and highly efficient. In the industry there are many liquefaction cycles, the
most well known are Linde-Hampson, Claude and Collins cycles. The simplest cryogenic
cycle is Linde-Hampson cycle patented by William Hampson and Carl von Linde in 1895
[59], it is also known as the Joule-Thomson cycle. Figure 2.4 shows the Linde-Hampson
cycle and its ideal representation in the temperature and entropy (T-s) diagram. The
uncondensed gas from the cycle is mixed with a gas for replacement (make up) at state 1,
as shown in Fig. 2.4b. The gas is compressed isothermally (process 1-2) up to the condition
2 increasing the pressure of the gas. The heat produced during the compression process is
absorbed by an external heat exchanger using a cooling fluid with a low boiling point. The
high pressure gas at state 2 enters the heat exchanger and cooled (2-3) by the uncondensed
gas leaving from the cryogenic storage tank (g-1). At the exit of the heat exchanger, the
gas is throttled through an expansion valve (3-4), reducing its pressure and temperature,
in this way a fraction of gas is condensed. The resulting vapor-liquid mixture (4) enters
the reservoir where liquid is removed (f) and the vapor phase is recycled (g). The exergy
efficiency of the Linde-Hampson cycle is very low, approximately 3.1 % for air liquefaction
and a reported specific liquid yield of 0.0866 𝑘𝑔𝐿/𝑘𝑔𝑎 [9]. This low efficiency is due to the
high irreversibilities during the isenthalpic expansion in the valve (3-4) and the irreversible
process of heat transfer between the cryogenic heat exchanger and the surroundings.

A modified Linde-Hampson cycle is illustrated in Fig. 2.5. The high pressure gas is
successively cooled in two heat exchangers (2-3 and 3-4). First, heat is removed for the
gas returning from the storage tank (6-1) and also for the refrigeration cycle (d-a), as
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Figure 2.4 – (a) A simple Linde–Hampson high pressure and (b) T–s diagram liquefaction
system. Adapted from [7].

illustrated in Fig. 2.5b. At the second heat exchanger, the gas is cooled by the recycled
vapor (g-6). The high pressure gas temperature (4) could be lower than that of basic
Linde-Hampson cycle, increasing the liquid yield. For a Van der Waals gas, the maximum
pressure at which the gas can be liquefied by the Joule-Thomson effect is nine times the
critical pressure [44]. The exergy efficiency of the Linde-Hampson cycle can be significantly
improved when the precooled process is integrated. For instance, Lim et al. [60] found an
exergy efficiency of 27.8 % for a Linde-Hampson cycle.

The Claude and Collins cycles are modifications of the Linde-Hampson cycle.
Figure 2.6 illustrates the Claude cycle and an ideal representation on the T-s diagram. In
1902, George Claude proposed using two expansions instead of one like the Linde-Hampson
cycle has. One expansion with the Joule-Thomson valve (JT-V) and a second one through
a turbine located along a fraction of the high and low pressure streams. A fraction of the
high pressure gas (3) is drawn in to the expansion turbine to produce work (3-e), the
exhausted gas is mixed with the recycled vapor coming from the third heat exchanger (7).
Consequently, the work of the compressor is significantly reduced by the work produced
by the turbine and simultaneously a lower temperature of the working fluid is obtained.
Hence, the work of the expansion turbine makes the cycle more efficient by improving the
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Figure 2.5 – (a) A precooled Linde–Hampson high pressure liquefaction system, and (b)
T–s diagram. Adapted from [7].

overall efficiency of the system. Claude cycle can achieve exergy efficiency greater than 60
% and liquid yield higher than that of the Linde-Hampson cycle [60, 52]. Abdo [9] reported
a exergy efficiency and specific liquid yield of 44.8 % and 0.305 𝑘𝑔𝐿/𝑘𝑔𝑎, respectively.

In 1947, Collins designed the helium liquefaction cycle [61], which uses two expansion
turbines, unlike the Claude cycle which uses only one. The Collins cycle is normally used
for helium liquefaction, which is a gas with the lowest boiling point (4.22 K, Table 2.1)
among the cryogenic fluids, and also for refrigeration at temperature below 20 K [9].
Fig. 2.7 depicts a schematic outline of the Collins cycle and its representation on the
T-s diagram. The cycle has six heat exchangers and two fractions of air (𝛼1 and 𝛼2) are
diverted through the expansion turbine 1 and 2, respectively. Abdo [9] investigated the
performance of the Collins cycle for air liquefaction and found an exergy efficiency of
44.68 % and an optimal liquid yield of 0.303 𝑘𝑔𝐿/𝑘𝑔𝑎. Additionally, the author reported
an optimum diverted fraction through turbines 1 and 2 of 0.59 and 0.10, respectively.
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Figure 2.6 – (a) A Claude low-pressure process cycle using an expansion machine and (b)
T–s diagram. Adapted from [7].

Atrey [54] evaluated and optimized a helium liquefaction cycle and found respectively
optimum mass flow rate fractions through turbines 1 and 2 of 0.45 and 0.35. These results
suggest that the mass flow rate ratio diverted through turbines must range between 0.60
and 0.80 to obtain the best performance during the liquefaction process.

Peter Kapitza patented in 1939 a liquefaction cycle based on the Claude cycle by
eliminating the third heat exchanger and introducing a rotary expansion engine instead of
the reciprocating expander [59]. Fig. 2.8 presents the Kapitza cycle and its representation
on the T-s diagram.

The Heylandt liquefaction process is also a modification of the Claude cycle or a
conversion of the precooled Linde-Hampson cycle with an expansion turbine and using
air as a refrigerant. Fig. 2.9 shows the Heylandt liquefaction cycle and its representation
on the T-s diagram. Hamdy et al. [62] thermodynamically evaluated both Kapitza and
Heylandt liquefaction cycles. The results showed that when the Kapitza and Heylandt
cycles use cold storage their exergy efficiency is 76.6 and 76.7 %, respectively. Moreover,
both cycles presented specific liquid yield greater than 0.60 𝑘𝑔𝐿/𝑘𝑔𝑎.

Over the last ten years, there has been an increasing number of researches on



Chapter 2. Literature review 43

Liquid

HE-1 HE-2 HE-3

α T-1

C

JT-V

1

2

3 4

5

6

9

g
15

16

1

(1-α)

α

Make-up 

purified air

Liquefaction circuit

Cooling circuit

Liquid air

Power circuit

ሶ𝑚

HE-4 HE-5 HE-6

β T-2

8

7

10
11

12
13

e2

(1-α-β)

β

(a)
ሶ𝑚𝑓

14

Expander-1 Expander-2

ሶ𝑚𝑒1 e1
ሶ𝑚𝑒2

f

ሶ𝑊𝑐

ሶ𝑄𝑅

ሶ𝑚𝑓

2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
50

100

150

200

250

300

350

s (kJ/kg-K)

T
 (

K
)

5 M
Pa

2 
M

Pa

1 
M

Pa

0,
10

13
 M

Pa

 0,2  0,4  0,6  0,8 
 -1,67  35 

 80 

 150 

 250 

 300 kJ/kg 

12

9 gf

h=const

T=const

3

8

7

e2

s=
co

n
st

(b)

e1r

s=
co

n
st

4

5

6

e1

e2r

16

15

14

13

12

10

11

Figure 2.7 – (a) A Collins process liquefaction cycle using two expansion machines and
(b) its representation on the T–s diagram.Adapted from [8].

cryogenic energy storage system for power production. Smith [63] was the first author to
propose using the CES system in 1977. The author claimed an energy recovery efficiency
of 72 %. Chen et al. [64] conceived in 2009 a CES system as a power generation plant
with separated liquefaction and power generation circuits. According to the authors, cycle
efficiency varies from 77.7 % to 172.3 %. The fundamental reason of this high efficiency
lies in non-consideration, by the authors, of the input heat. In 2011 the first CES pilot
plant is built by Highview Power and successfully tested [65]. However, the reported
gross round-trip efficiency reached around 8 % for a specific cold recycle greater than
150 𝑘𝑊ℎ/𝑘𝑔𝐿. A comparison between Linde-Hapmson, Claude and Collins cycles was
presented by Abdo et al. [10]. The authors’ most important legacy was to suggest the
integration of charging/discharging circuits in the same system, which created opportunities
for cogeneration by taking advantages of the exergy of the liquid air in an evaporator before
its expansion in the turbine, this was not demonstrated. The conclusions showed that
Claude and Collins cycles are more effective for power generation and liquid production
than Linde-Hapmson cycle. A demonstrator CES plant in Greater Manchester started
operation in April 2018, and researchers reported a round-trip efficiency of around 60 %
[66]. In another research, [67], the authors reported an energy efficiency of 49 %, using hot
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Figure 2.8 – (a) A Kapitza process liquefaction cycle and (b) T–s diagram.

and cold regenerators with thermal fluid as a storage medium and ideal air as cryogenic
working fluid. The effectiveness for regenerators has a strong influence on round-trip
efficiency for energy storage cycles, and it is common to be assumed as 100 %. Regarding
this, the authors in [68] found storage efficiency in the range of 21.13 - 33.74 % for nine
storage materials with heat capacity between 1.131 and 3.332 𝑀𝐽/(𝑚3𝐾).

A thermodynamic analysis of a compressed air energy storage (CAES) and a liquid
air energy storage (LAES) was conducted by Krawczyk et al. [69]. LAES consists of a
liquefaction cycle and a gas turbine for power generation. Using Ansys Aspen software
the CAES and LAES power plants were simulated in a dynamic mode. The authors
found that both cycles are characterized by high storage efficiency, favorable for LAES
with 55 %, while CAES achieved 40 %. An experimental study of the first LAES pilot
plant in the world and currently installed at University of Birmingham was conducted by
Sciacovelli et al. [70]. In the study, the influence of operational parameters, technology
reliability, operation principles and star-up/shut down performance were analyzed. The
study demonstrated that the liquefier from the industry can be used for the LAES charging
process. The authors highlighted the rapid reaction of the system during the discharging
process, where 80 % of the power load was reached in two minutes. They also emphasized
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Figure 2.9 – (a) A Heylandt process liquefaction cycle and (b) its representation on the
T–s diagram.

on the necessity to recycle cold thermal energy from discharge to charge process to achieve
high overall efficiency.

An exergy analysis of a modified Claude cycle was performed by Thomas et al. [71].
The helium liquefaction system with two expanders was evaluated using the simulator
Aspen HYSYS. The influence of compressor pressure ratio and expander flow fraction on
the exergetic efficiency of the cycle was studied. The research concluded that increasing
the pressure ratio produces an improvement on exergetic efficiency. Other results show
that there is an optimum flow fraction to be passed through the expanders to get the
maximum efficiency of the cycle. A laboratory scale CES with 5 kW of power capacity
and based on Rankine cycle using carbon dioxide as working fluid was studied in [72].
The results showed that the small scale CES was able to consume during off-peak hours
between 3.2 and 4.8 kWh to generate cold energy in a temperature range of -50 to -40 ∘C.
Based on the experimental measurements the CES efficiency achieved values between 24
and 44 %. The effects of heat exchanger variables on the performance of a helium liquefier
using Collins cycle was studied in [73], the authors simulated the operation of the heat
exchangers taking the product overall heat transfer coefficient and heat transfer area (UA)
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and deterioration factor (F) as independent parameters to compute the behaviour of the
helium liquefaction rate. They also studied the influence of the inlet turbine temperatures
on the helium liquid production. The study was performed on the basis to assume steady
state conditions, negligible pressure drops through out the heat exchangers and pipelines,
the effective product UA considers axial heat conduction, heat in-leak, flow maldistribution
and specific heat variation in fluids, other assumption stated that component efficiencies
do not depend on temperature, pressure and mass flow rate. Researchers concluded that
the effectiveness of the heat exchangers varies linearly in respect to helium liquid yield
and their performance have an important influence on liquid production. According with
the authors, when the additional heat transfer area is distributed in proportion of UA in
the heat exchangers, the maximum helium liquid yield is obtained. When the effectiveness
values of the heat exchangers keep above 0.95, only with degradation beyond 50 % of
limiting UAs, the losses in the heat exchangers sharply increase and the decrease in
liquid production becomes more significant. The authors also asserted that the optimal
re-circulation fraction through out the turbines was not influenced by the variation of the
heat exchangers effectiveness.

In other study [21], a liquid air Rankine cycle is operated as part of a cryogenic
energy storage system. The effect of the compressor pressure, fraction of air and effectiveness
of the heat exchanger on specific net power output and liquid yield are analyzed. The
results showed that recovery efficiency in the Rankine cycle is 36.8 %. But, when heat
waste at 300 K is used in a combined cycle the efficiency resulted in 43.3 %. The authors
also found that the combined cycle efficiency is very sensitive to the heat exchanger
effectiveness. A method to improve the round trip efficiency of a liquid nitrogen energy
storage cycle was proposed by Dutta et al. [25]. The technique consists of applying multiple
stages of reheat and expansion using an available waste of heat. The research concluded
that the maximum round trip efficiency for a single stage was found to be 28 %, meanwhile
using four stages the efficiency was increased up to 47 %. Borri et al. [74] studied three air
liquefaction plants for liquid air energy storage. A parametric analysis of Linde-Hampson,
Claude and Kapitza (Collins) cycles was carried out with the help of Aspen HYSYS
software. The results show that Claude and Kapitza cycles presented the lowest specific
power consumption and the application of the double stage of compression may be possible
to increase the performance in 25 %. According with the authors, Kapitza cycle presented
the best performance and the optimal two stage compressor pressure resulted in 40 bar
with a specific energy consumption of 700 kWh/t.

A study about the influence of expanders in the helium liquefaction process using
Collins cycle was carried out in [55]. Authors used Aspen HYSYS software to simulate
Collins cycle under different operating conditions. The main assumptions assumed to
perform the parametric study were focused on steady state regime, no heat in-leak into
the system, efficiencies of compressor and expander or effectiveness of the heat exchangers
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remain constant and negligible pressure drops in heat exchangers and pipes. The study
points out that the optimal liquid yield was obtained when the re-circulation fraction
through out the expanders was of 80 % of the compressor flow. Another result suggests
that the flow through out the expanders has more influence on the performance of the
heat exchangers than the expanders efficiency.

M. Sadaghiani and M. Mehrpooya [75] proposed a novel hydrogen liquefaction
process configuration with two independent refrigeration cycles. According with the results,
the exergetic efficiency and coefficient of performance reached their peak values at an
operating pressure of the first refrigeration cycle of 16 bar. The research concludes that
the specific energy consumption of the first and second refrigeration cycles consume
1.102 and 3.258 𝑘𝑊ℎ/𝑘𝑔𝐿𝐻2 respectively to cool hydrogen from 25 ∘C to −195 ∘C. Finally,
the exergetic efficiency of the first and second refrigeration cycles were of 67.53 % and
52.24 % respectively, while the whole system achieved 55.47 %. Table 2.3 summarizes the
characteristics of some CES system technologies and the main results of their performance.

In general, the studies adopted different assumptions for simulating the CES systems.
Moreover, the working fluid parameters for the charging and discharging processes vary in
a wide range, even for similar CES cycles. Another relevant characteristic in the reviewed
research works was the use of more than one working fluid to recover cold and heat. The
second law analysis was applied in a few number of publications. This limits the possibility
of identifying the origin of irreversibilities and their magnitude, which is crucial for the
optimization process. Finally, some relevant parameters, such as effectiveness of the heat
exchangers and air diverted air mass fraction, were not studied during the simulation
procedure considering the simultaneous operation of charging and discharging processes.
In this research, the aforementioned drawbacks are overcome. Additionally, this study
demonstrates the feasibility of the simultaneous operation of the charging and discharging
processes in CES systems.
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2.4 Hybrid CES technologies.
The round-trip efficiency for the CES systems can be appreciably improved by

integrating them with other technologies, such as conventional power plants, refrigeration
cycles, renewables energy sources, Liquefied Natural Gas (LNG) waste cold recovery and
also with the use of external thermal energy sources (waste heat recovery) from industrial
processes. In the last decade, many researchers dedicated efforts to improving the CES
system’s round-trip efficiency, integrating it with other technologies and using different
operation strategies.

A study about hybrid power plants was presented in [82], the research assessed
three examples involving liquid air storage, process air expansion with combustion, an
organic Rankine cycle and a Brayton cycle. The hybrid power plants were compared against
a baseline configuration. The best predicted round trip efficiencies for the hybrid systems
were estimated in 76 % for air expansion with combustion, 77 % for organic Rankine cycle
and 90 % for the cold Brayton cycle, much higher than that of baseline, which registered
a value of 18 %. An analytical study was conducted by Guo et al. [83] about a hybrid
compressed air energy storage systems (SC-CAES) and a cryogenic energy storage. The
effect of key parameters of the plant on the round trip efficiency, liquefaction ratio and
exergy destruction were analyzed. The results point out that exergy destruction in heat
storage is the main factor of total exergy destruction in the system. Another research [27]
presents different concepts of CES and a evaluation of two exergy recovery cycles, the
first one a direct expansion of liquid air and the second one an expansion of liquid air
combined with a organic Rankine cycle (ORC). The results show that the energy densities
of the proposed systems were found to be between 120 and 150 kWh/kg and the round
trip efficiency reached 40 %.

The CES systems can provide cold exergy for refrigeration cycles and consequently
improve their performance. A proposed liquid hydrogen production plant to provide the
required liquid 𝐻2 for a large urban area is analyzed in [84]. The plant consists of a
pre-cooling section, cryogenic section with six simple Linde-Hampson cascade cycles and
a Joule-Brayton refrigeration cycle. The second law of thermodynamic was applied to
assess the performance of the system. The effect of hydrogen pressure and heat flow on the
exergy efficiency, temperature difference at the heat exchangers, coefficient of performance
and specific energy consumption are analyzed. The specific energy consumption to cool
hydrogen from 25 ∘C to -198.2 ∘C in the pre-cooling section resulted in 1.589 𝑘𝑊ℎ/𝑘𝑔𝐿𝐻2 .
The total energy consumption of the plant was 7.69 𝑘𝑊ℎ/𝑘𝑔𝐿𝐻2 . Another result showed
that the heat exchangers had the highest exergy destruction. She et al. [85] proposed a
hybrid CES system, wherein the heat released from the compression process is used to
power an Organic Rankine Cycle (ORC), whereas the heat sink is a Vapor Compression
Refrigeration Cycle (VCRC). The authors performed a thermodynamic analysis to compute
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the influence of charging pressure, stages of expansion, discharging pressure, type of organic
working fluid and turbine inlet pressure of ORC on the round trip efficiency, excess heat
of compression stored in thermal oil, exergy efficiency and liquid yield. The results show
that the higher the charging pressure, the higher the exergetic and round trip efficiency, a
similar behaviour is also achieved by the liquid yield parameter. In the discharging cycle,
the hybrid CES round trip efficiency is approximately 10-12 % higher than the baseline
cycle and the best performance of exergetic efficiencies is achieved for discharging pressure
of 13 MPa. Another result shows that increasing stages of expansion produces an increasing
of the round trip efficiency and a reduction of the excess heat of compression for a range
of charging pressure between 10 and 14 MPa. The authors concluded that the round-trip
efficiency of the hybrid CES system could be higher than 60 % and R32, R502 and R134a
working fluids are favorable candidates for the ORC, which optimal turbine inlet pressure
was found at 11 MPa. A hybrid system, integrated by a liquid energy storage plant, an
Organic Rankine Cycle and an Absorption Refrigeration Cycle (ARC) was presented by
Peng et al. [86]. The investigation shows that the excessive compression heat can be used
to drive the ARC reducing the temperature environment for the ORC, and working at the
same time as heat source of the ORC. According with the authors, the enhancement of
the round trip efficiency ranged from 3 to 9 %.

The integration of CES systems to renewables energy sources has been studied by
some authors. For example, Wang et al. [17] proposed different schemes of a liquid carbon
dioxide storage system powered by wind energy. A parametric analysis was applied to
examine the influence of some thermodynamic parameters on the performance of each
proposed scheme.The optimal value of the round trip efficiency resulted in 56.67 %. A solar
cryogenic hybrid power system, using nitrogen as cryogenic fluid, was proposed by Li et al.
[87]. The hybrid system consists on a closed loop Brayton cycle and an open cryogenic
cycle with direct expansion. The system is fed by solar thermal and cryogenic fueled power.
The sequential quadratic programming (SQP) method was applied to optimize the system.
The total irradiance of the collector and the usable process heat were modeled to predict
the thermal and exergetic efficiencies of the solar collector. The cryogenic cycle and hybrid
system efficiencies were also estimated to evaluate the performance of the proposed solar
cryogenic hybrid power system. The authors concluded that the hybrid system was able
to provide about 30 % more power than the sum of the power generated by the other two
systems if they were operating independently. The exergetic efficiency of the hybrid system
resulted in 27.55 %, higher in 3.66 % and 9.45 % than that of solar thermal and cryogenic
fueled power systems. Other finding from the research suggests that the optimal hot end
temperature of the heat carrier heated by the solar collector must be approximately to
removed 600 K considering hybrid system operation.

Some authors have undertaken different analyses of cryogenic energy storage
hybrid cycles with geothermal power plant. A hybrid geothermal energy plant and a
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Claude hydrogen liquefaction cycle was thermodynamically evaluated by Kanoglu et al.
[88] applying the first and second laws of thermodynamic. The influence of compressor
pressure, geothermal temperature and cooled hydrogen gas temperature on coefficient
of performance (COP), figure of merit (FOM), exergy efficiency, liquefaction work and
liquefied mass fraction were analyzed. For the absorption refrigeration cycle and the Claude
cycle the COP resulted in 0.556 and 0.0120, respectively. Based on the fuel and product
approach the exergy efficiency of every system was estimated in 67.0 % and 67.3 %,
respectively. The overall system reached an exergy efficiency of 67.9 %. A hybrid system,
composed by a supercritical 𝐶𝑂2 power generation system fueled by geothermal source
and a cold LNG power plant used as heat sink, was investigated by Wang et al. [89]. The
mathematical models of the hybrid system were established to simulate and optimize
the main thermodynamic parameters, for this, multi-objective optimization method was
carried out. The authors assumed steady state regime, negligible pressure drop in the pipes,
adiabatic condition for every component and 𝐶𝑂2 saturated liquid at the condenser outlet.
The influence of 𝐶𝑂2 turbine inlet pressure, temperature and 𝐶𝑂2 turbine back pressure
on the net power output, total heat transfer area and exergetic efficiency were analyzed.
An increase of 𝐶𝑂2 turbine inlet pressure results in an increase in the exergetic efficiency
and the net power output, the optimal values were obtained at 13 MPa. Meanwhile, the
total heat transfer area decreases with the increase of 𝐶𝑂2 turbine inlet pressure. The
authors found that the transcritical 𝐶𝑂2 geothermal power system increases its energy
production as a result of the back pressure reduction due to the use of the cold LNG as
heat sink on the condenser. They also suggested to take advantage of the exergy flow
leaving from the natural gas (NG) turbine.

The cold exergy from LNG re-gasification process may be also used for the liq-
uefaction process in CES systems. An efficient cryogenic energy storage (CES) process
to harness the wasted exergy from liquefied natural gas (LNG) re-gasification process is
presented by Lee et al. [90]. The performance of the system was evaluated by the second
law of thermodynamics. The air storage section achieved an exergy efficiency of 94.2 %
while the release or expansion section was of 61.1 %. A double stage Rankine cycle using
binary and ternary mixtures as working fluids to harness the cold exergy from liquefied
natural gas for power production was analyzed in [91]. An optimization procedure based
on genetic algorithm was performed. The results showed a significant increasing of the
thermal and exergy efficiencies from the baseline scheme to the optimal case. Kim et
al. 2018 [92] conducted a thermodynamic, environmental and economic investigation of
a distributed energy generation hybrid plant using liquid air combined with liquefied
natural gas (LNG). A sensitivity analysis proved the influence of liquid air storage pressure,
turbine inlet pressure and compressor pressure on round trip efficiency, renewable (or
grid) energy-source penetration ratio and storage efficiency. The researchers found round
trip and storage efficiencies to be 64.2 % and 73.4 %, respectively. Another result showed
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that the exergy efficiency of the storage-site, generation-site and the system was 70.2 %,
75.1 %, and 62.1 %, respectively. Depending on the storage time, the levelized cost of
energy (LCOE) ranged from 142.5 to 190.0 $/MWh. The exergy recovery technology
from a liquefied natural gas system for transportation was presented in [93]. The authors
evaluated four exergy recovery systems, consisting of a single-stage and two-stage direct
expansion systems, an ORC (Organic Rankine Cycle) system, and a combined system
(ORC + direct expansion). An exergy analysis and optimization procedure were applied
to assess the performance of the proposed schemes. According with the results, the exergy
recovered ranged 20-36 %. The direct and two-stage expansion systems were able to recover
24 and 30 % of LNG exergy.

Li et al. [94] proposed the integration of a nuclear power plant (NPP) with a
cryogenic energy storage technology. The main purpose of this particular hybrid system
was to attain an efficient time shift of the electrical power output. The proposed CES
system stores the excess electricity by liquefaction of air at off-peak hours and recover
the energy by expanding the working fluid at peak hours. The results showed that during
charging regime compressor units presented the highest exergy destruction, achieving a
ratio of 20 % from total, while heat exchangers placed second with 16 %. In the generating
mode, heat exchangers were responsible of an exergy destruction of 40 % and 30 % for the
cryogenic pump. The study also showed that the higher ambient temperature, the lower
round trip efficiency, meanwhile net output power in generating mode remains almost
constant and liquid air mass flow rate, in the same mode, slightly drops. The authors found
that the round trip efficiency linearly increased with liquid air storage pressure, while for
both net output power and liquid air mass flow rate, in generating regime, experienced a
slightly reduction. Additionally, round trip efficiency linear increased respect to secondary
loop topping pressure. Opposite to the influence of this parameter on net output power
and liquid air mass flow rate, where both slightly decreased. The main remarks of this
investigation indicated that the round trip efficiency was about 71 % while the net output
power in the energy release mode represented 2.7 times that in a nuclear power plant
alone.

Table 2.4 illustrates a summary of the main characteristics of CES systems and
results of different studies on their integration with other technologies. Overall, it is
observed in the literature reviews that the influence of CES system integration with other
technologies or the use of waste heat recovery on specific liquid yield, specific exergy
consumption and exergy density was infrequently evaluated. Moreover, the round-trip
efficiency varies over a wide range and some studies reported values greater than 100 %, this
occurs when some energy inputs are not accounted, which makes comparison impossible.
In this research, the influence of the waste heat recovery temperature on the main indexes
and indicators of the proposed cogeneration CES systems with the simultaneous operation
of the charging and discharging processes is analyzed.
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2.5 Poly-generation CES systems.
Some investigations about CES systems have also focused on evaluating their

poly-generation potential in order to meet the heating, cooling and electricity demands.
That is, the cogeneration and trigeneration capability of CES systems have been assessed
by some authors. Ahmad et al. [53] presented a new approach for providing cooling and
power from a CES system operating only in discharging regime and using liquid nitrogen
as a cryogenic working fluid. Authors reported saving up to 28 % in residential buildings,
compared to conventional air conditioning systems and considering the local liquid nitrogen
prices; it concluded that 85 % of the energy stored can be recovered by using two closed
cascade Rankine cycles. In another study, Tafone et al. [97] investigated the integration of
a CES system with organic Rankine cycle (ORC) and/or absorption chiller and found,
with respect to a stand-alone CES system, an improvement of the round-trip efficiency of
30 % when the three systems were integrated. The study reported an overall efficiency
of 55.7 % (trigeneration) and both the cogeneration and trigeneration configurations
worked only in discharging regime. Moreover, the authors also found a specific energy
consumption of 0.232 𝑘𝑊ℎ/𝑘𝑔𝐿 for the integration of the CES system to the absorption
chiller, which represented a reduction of 4.5 % respect to the stand-alone CES system. The
performance of a CES system with district heating and cooling capabilities was proposed
by Al Zareer et al. [105], the CES system was integrated to a Rankine cycle, a gas turbine
and a solid-gas sorption cycle. Considering the cooling and heating capabilities of the
integrated system, the overall energy and exergy efficiencies resulted in 72.1 % and 53.7 %,
respectively. Additionally, the combustion chamber and the second intercooler carried the
highest irreversibilities.

A quantitative and qualitative analysis of different energy storage technologies was
presented by Comodi et al. [106]. The authors evaluated a Linde-Hampson CES system
operating in a cogeneration regime for two different scenarios. A scenario of medium scale
with the daily cooling energy demand of 10 MWh and a large scale scenario with the cooling
demand of 500 MWh. According to the authors, for the medium scale scenario, the total
efficiency for cogeneration and full electric modes resulted in 17 % and 25 %, respectively,
while for large scale mode, the efficiency respectively increased in 13 % and 35 %. Vecchi
et al. [107] proposed a multi-CES system for the provision of heat, cold and electricity
in districts with cooling and heating networks. A reduced thermodynamic model was
developed to evaluate the performance of the CES system and according to the authors
multi-CES system may provide multiple energy vectors to support district operation
contributing to about 5 % and 10 % of district power and thermal demand. However,
they found some constraints, for example, the electrical efficiency reduced when increasing
heat provision, while cooling provision decreased electrical efficiency but increased heating
output. The authors also referred that energy efficiency was improved from 47 % to 72.8 %
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when the multi-CES system capability of multi-generation was harnessed.

Even though there are some studies on poly-generation in CES systems, the potential
of this storage technology for that purpose has not been deeply surveyed. In general, the
studies only conceived the cogeneration during the discharging process, which limits the
multi-generation capability of the CES technologies. In addition, the investigations about
the cogeneration potential of the CES systems rarely considered the sensitivity analysis of
the main indexes and indicators on cryogenic storage capacity and charging and discharging
times. In order to cover the aforesaid gaps, the simultaneous operation of the charging and
discharging regimes is applied as an alternative operation mode that can contribute to
improve the indexes and indicators of the CES systems considering the scale of the plant.
In this work, the advantages of using this operation mode in cogeneration CES systems
are also presented.

2.6 Economic assessment of the cryogenic energy storage systems.
At present, most studies about CES systems have been focused on the thermody-

namic evaluation, aimed at determining the influence of some parameters on the main
indexes and indicators, such as specific liquid yield, specific consumption, round-trip
efficiency, among others. However, the economic evaluation on CES systems is significantly
limited in the literature and only a few articles provide in-depth economic analysis, but
in quite different contexts from this study. Additionally, the economic benefit from the
CES systems is generally restricted to electricity selling in most of the studies and others
marketable products that can be obtained from this technology.

Xie et al. [108] provided an economic feasibility of decoupled energy storage
technologies, considering as example a CES system. A methodology to optimize the size of
the main components for charging, storing and discharging energy was proposed. According
to the authors, the profitability of the CES system was improved by both the increasing
the waste heat temperature and the system scale. The study also concluded that for a
200 MW CES system, the payback period varied from 25.7 to 5.6 years for waste heat
temperature ranged from 0 to 250 ∘C. A methodology to evaluate the economic viability
of CES system was proposed by Lin et al. [109] as part of the resumption of the previous
study. The authors designed an arbitrage algorithm to determine price thresholds every
half hour under different operation strategies. The study found that the viability of a CES
plant was affected by both the system scale and the waste heat temperature. For instance,
in order to be profitable, a 100 MW CES system should use waste heat at temperature
greater than 150 ∘C considering an interest rate of 6 %. Moreover, a positive net present
value (NPV) of £43.8 million was obtained for a 200 MW CES plant for an operational
strategy where the price thresholds were determined using 12 historical prices and 12 future
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prices. The payback period was found to be as long as 36.9 to 39.4 years for a 200 MW
CES plant without using waste heat. Nevertheless, using waste heat, the payback period
was shortened to 8.7-9.4 years. Pimm et al. [110] presented a techno-economic analysis
for a hybrid energy storage system, comprising CAES and CES systems. The authors
developed an algorithm that can be used to obtain the maximum profits from the hybrid
system from a set of electricity prices. Under certain conditions, the hybrid storage energy
system was found to be more profitable than the respective standalone CAES and CES
systems. In another investigation, Vecchi et al. [111] presented a technical and economic
evaluation of a 100 MW CES standalone plant. The authors developed and validated a
model, which was applied to assess the CES system performance when arbitrage, short
term operating reserve and fast reserve were provided. The study demonstrated that,
during off-design operation, round-trip efficiency and liquid air consumption could vary by
up to 30 %, causing a loss of revenue of 10 thousand £/MW. Mazzoni et al. [112] evaluated
the economic feasibility of the integration of a CES system and an Electrochemical Energy
Storage technology as a polygeneration plant to satisfy the cooling and electric load from
an Eco-building. The authors found that the 300 kWh capacity CES system, after 20
years of operation and prioritizing electrical power over heating and cooling power output,
achieved a NPV of more than 2 million Singapore dollars and a payback period shorter than
7 years. Briola et al. [102] proposed a novel integration of a CES plant and a gas turbine
cycle with an existing large-scale Natural Gas Combined Cycle (NGCC). The authors
performed a thermodynamic evaluation and an economic uncertainty analysis through six
uncertainty variables to assess the profitability of the stand-alone and integrated plant
in three alternatives scenarios. The authors found that during the charging regime, the
highest irreversibility took place in the compressor, while for discharging, the combustion
chamber from the additional gas turbine resulted the most irreversible component. Another
result showed that the integrated plant afforded profitability in the expected scenario
in the specified range of discharge pressure. Gao et al. [113] proposed a CES system
integrated into a combined cycle power plant with recovering of the waste heat and cold
energy. The economic analysis showed that the NPV was $ 13.4 million for service life
of 30 years and air turbine temperature of 373.15 K. The authors found that the lower
the compressor and turbine inlet temperature, the better the economic feasibility of the
system. For instance, for the turbine inlet air temperature of 373.15 K and the default
compressor inlet temperature, the dynamic payback period and internal rate of return
were 4.07 years and 39.4 %, respectively.

An economic analysis of three hydrogen liquefaction systems was presented in [114].
The operation, investment and maintenance costs were considered. The effect of liquid
production rate and liquefier efficiency on electric power cost, operation and maintenance
cost, effective cost of components and cost of liquid hydrogen were analyzed. The results
showed that liquefaction cost was 0.63 $/kg for the optimized option when the liquid
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production rate was of 30 t/h and electricity price of 0.04 $/kWh. An economic analysis
of a hybrid CES system was presented in [85], the investigation pointed out to evaluate
the benefits of the integration of an Organic Rankine Cycle and a vapor refrigeration
compression cycle applying the annualized cash flow method. The influence of the discount
and inflation rates on the Net Present Value (NPV), simple payback period (SPP) and
savings to investment ratio (SIR) were analyzed. According to the authors, the combination
of the ORC and VCRC leads up to a payback period of 2.7 years assuming a project
useful life of 15 years and generates a saving to investment ratio of 3.08. The optimal
NPV for this combination was about 3.5 million dollars, higher in 0.9 million respect to
the ORC alone. The researchers also found that the discount rate has a higher significant
effect on the economic parameters (NPV, SPP and SIR) than the inflation rate. They
conclude that the proposed hybrid CES could be technically and economically feasible. A
techno-economic comparison among the energy storage technologies in cooling applications
to show their suitability at different scales was presented by Comodi et al. 2017 [106]. The
authors focused on Li-Ion batteries (Li-Ion EES), sensible heat thermal energy storage
(SHTES); phase change material (PCM-TES), compressed air energy storage (CAES) and
cryogenic energy storage (CES) technologies. Levelized cost of energy, Pay-back period and
savings per energy unit were the parameters used to analyze and compare the technologies
in different scenarios. The authors described the technical and economical characteristics
of CES systems collected from others researches, for instance, the specific installation cost
and specific generation cost were ranged 900-2000 $/kW and 260-530 $/kWh, respectively.
The useful life was estimated between 20 and 40 years, while the round trip efficiency was
of 60-90 %. The article also referred to the pilot plant test results performed by researchers
from Birmingham University. A cost effective solution of a liquefied natural gas (LNG)
boil-off re-liquefaction plant and an on-board boil-off gas (BOG) re-liquefaction system as
a cryogenic refrigeration cycle was conducted in [115]. A thermoeconomic optimization
procedure to assess the LNG-BOG liquefaction system performance was applied. Using the
genetic algorithm method, the minimization of the unit cost of the refrigeration effect as a
product of BOG was implemented. A sensitivity analysis to study the effect of compressor
pressure ratio and suction compressor pressure on total cost product rate was carried
out. The results show that by increasing the pressure ratio, the total product cost rate is
decreased.

The levelized cost of storage (LCOS) has been increasingly used by researchers in
order to compare different types of storage technologies with different scales, investment
and operating time periods. It is a useful metric that accounts for all technical and
economic variables (efficiency, capital cost, operation and maintenance costs, replacement
costs, among others) which affect the lifetime cost of the storage technology [116]. LCOS
can be compared to the levelized cost of electricity (LCOE)[117], which is the price of
electricity at which the energy is produced by the storage technology must be sold to
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break even over the lifetime technology [118]. Hamdy et al. [119] carried out an economic
sensitivity analysis of seven CES systems by evaluating the effect of price of electricity,
specific investment cost, annual operation hours and economic life on the CES levelized cost
of discharged electricity. The results revealed that the integration of waste heat reduced
the specific energy cost from 1400 e/kWh to 1100 e/kWh. In addition, the diabatic CES
system with combustion of natural gas reached the lowest levelized cost of electricity with
161 e/MWh followed by CES system with waste heat integration, which registered 171
e/MWh. In [120], the authors proposed a transient model to assess the performance of
a 100 MW CES power plant with packed-bed cold-storage system. The economic study
consisted of evaluating different scenarios of penetration of the photovoltaic and wind
energy systems into the power grid with the integration of the CES plant. The results
indicated the convenience to store photovoltaic energy during peak hours and release
energy during the night-time to maximize the use of the storage plant. Additionally, the
levelized cost of energy estimated for the CES system integrated into the power network
was 150 e/MWh. A techno-economic feasibility study of a CES system integrated with
ORC technology, based on LCOS methodology, was proposed by Tafone et al. [121]. The
results showed the feasibility of recovering the low-grade heat discharged by the CES
system with the use of an Organic Rankine Cycle. For a 100 MW/400 MWh CES plant
operating 365 cycles per year and an electricity price of 0.15 e/kWh, the levelized cost
of storage for full electric configuration registered a value of 0.385 e/kWh, whilst for
cogenerative regime was 0.437 e/kWh. These results are comparatively lower than that of
the LCOS values for stand-alone CES system, respectively. In addition, the authors found
that LCOS is highly sensitive to the number of cycles per year, electricity price, CES plant
integration and round-trip efficiency. Kim et al. [92] investigated a storage generation
system using liquid air combined with liquefied natural gas (LNG). According to the
results and depending on the size and the storage time, the levelized cost of energy (LCOE)
ranged from 142.5 to 190.0 $/MWh, which is competitive with others storage technologies.
In another research, Georgiou et al. [122] provided a thermo-economic analysis of two
large-scale electricity storage technologies, Pumped Thermal Electricity Storage (PTES)
and CES. The study focused on system efficiency, power capital cost ($/kW) and energy
capital cost ($/kWh). The authors found that the CES technology enhanced significantly
its performance through the integration and utilization of waste heat and cold streams.
The comparison of the CES and PTES technologies at the same capacities (2 MW/11.5
MWh) showed that power capital cost, energy capital cost and LCOS for CES system
were slightly higher than PTES system. The financial feasibility of the storage systems
over their lifetimes also indicated the advantage for the PTES system when considering
the buy price of the electricity (peak-times) above of removed 0.15 $/kWh. Moreover, the
authors introduced a level of uncertainty for the maintenance costs, discount rate and
energy cost (off-peak electricity cost) parameters. For this analysis, CES system presented
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higher vulnerability to the market fluctuations electricity prices than PTES system, due
to the low round-trip efficiency and the high energy consumption during the compression
process.

The economic evaluation of the integration of CES technology into geothermal
power plants has received the attention of some researchers. For example, a thermoeconomic
optimization applying genetic algorithm of a hydrogen liquefaction system assisted by
geothermal power plant was conducted in [123]. The author performed the study to
minimize the unit cost of hydrogen liquefaction. The optimization results demonstrated
that the specific energy consumption was found to be 10.06 kWh/kg of liquid hydrogen.
The exergetic cost of liquid hydrogen resulted in 1.114 $/kg. Yilmaz and Kaska 2018
[124] presented a study of a hybrid system integrated by a hydrogen liquefaction Claude
cycle and an absorption pre-cooling refrigeration process assisted by geothermal heat.
The authors applied thermoeconomic optimization procedure using genetic algorithm
method to minimize the unit cost of the liquefied hydrogen. They found that cooling down
hydrogen gas to -30 ∘C the exergetic cost was reduced 2.42 $/kg of liquid hydrogen. The
optimized exergetic cost was found in 1.349 $/kg of liquid hydrogen. Kaska et al. 2018
[125] carried out a thermodynamic assessment of a Organic Rankine Cycle (ORC) using
a geothermal source of energy and a Claude cycle for hydrogen liquefaction. Applying
the first and second laws of Thermodynamics the exergetic cost of the liquid hydrogen
and electricity produced were calculated. The study showed that the electricity cost was
found to be 0.025 $/kWh and that of liquefaction was about 39.7 % lower than direct
value (1.650 $/kg) given in the literature.

The previous literature reviews show the variety of scientific researches about the
economic analysis of CES systems and their integration with other technologies. How-
ever, the number of studies with a detailed economic analysis and relevant information
about cost structure is limited. Most economic studies are conducted using specific costs
($/kW or $/kWh) as the basis for calculation. This procedure can lead to underestimating
some elements of investment costs and distorting the results of the economic indicators.
Additionally, the marketable product is generally directed to electricity, but other com-
mercialization options must be added, such as cold and heat loads for external users,
which some investigations have already been considered previously [121, 107]. Another
marketable final product is the cryogenic fluid, whose commercialization can contribute to
the economic feasibility of the CES technology, to the expansion of the small scale cryogenic
generators and reduce fuel consumption in the transport sector [15]. To fill these gaps,
this research assesses the economic feasibility of cogeneration CES systems with different
operation modes and highlights the economic viability of the simultaneous operation of
the charging and discharging processes, which has not been presented and demonstrated
before, as a novel contribution to improve the performance of this technology.
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2.7 Summary of literature review.
It is clear, from the above-mentioned literature reviews, that there are several

researches on proposing and evaluating both stand-alone and integrated CES systems for
the electricity generation only or poly-generation (cogeneration and trigenration). Despite
this, some limitations have been identified in the current researches, which opens a door
of opportunities for further investigations in the identified areas of interest.

Simultaneity for storage and discharge processes. None of these studies
has brought up the simultaneous operation of the charging and discharging processes for
CES systems operating in a cogeneration regime, and neither have they quantitatively
evaluated the effect of this simultaneous operation on the main indexes and indicators.
The advantages of the simultaneous operation of the charging and discharging processes lie
on the increase of the exergy utilization factor through the production of an extra cooling
load from an evaporator, the reduction of the power demand during the charging process
through the additional power generation in the expansion section of the cycle, and the
possibility of reducing the operating costs. Furthermore, this operation mode constitutes a
novelty for CES systems, which may potentially be registered as an invention according to
the overall literature review. Table 2.5 summarizes the main patents registered on CES
systems from 1992 to 2021.

Transient regime for the storage tank. For an obvious simplification, the
charging regime at the cryogenic tank is frequently treated as a steady state process in
order to estimate the specific liquid yield. In the author’s knowledge, the evaluation of
the charging process in the cryogenic tank considering transient regime in order to obtain
both the specific liquid yield and charging time has not been performed before.

The integration of heat source. The integration of waste heat from an industrial
process or a power plant into CES systems has been suggested and evaluated for some
authors in order to improve the round-trip efficiency, but no studies have quantified the
effect of this integration on cogeneration CES systems thermodynamic and economic
performance when both storage and discharge processes are simultaneously executed.

Specific costs for economic evaluation. The economic evaluation for CES
systems is generally conducted by using of power and energy specific costs as the calculation
base. Taking into account that CES system is a new technology in development and that the
specific costs in literature vary significantly, the above assumptions can lead to inaccurate
results.

Poly-generation and economic feasibility. The researches about CES systems
have been focused on electricity generation and its commercialization in order to demon-
strate the economic viability of this technology. However, besides producing electricity,
the CES systems can also provide cooling load and cryogenic fluids to external users. This
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potential of CES technology has not been thoroughly studied. Furthermore, the economic
evaluation results for this emerging technology changes from one region to another, that
is why, case studies are essential to be applied. The cryogenic fluids are widely used in
the health, livestock, food and research (physics of the condensed matter and solid state)
sectors. Moreover, cryogenic fluids could also be integrated into a transport, distribution
and storage network for power generation and refrigeration in lorries [15]. The diversity
of possibilities of use of cryogenic fluids in the economic and service sectors in Brazil
would create opportunities for the expansion of CES systems, for example, at the LNG
regasification terminals [126], where the waste cold exergy from the regasification process
can be used for air liquefaction [26, 127]. Additionally, emergency power systems using
cryogenset (storage tank, heat exchanger, turbine and generator) [15] could be widely
applied into the service sector in order to replace the diesel generators and reduce the
green house gas emissions.

The conducted literature reviews also identified some drawbacks for CES systems,
specifically: (i) environmental issue when CES systems are integrated to combustion
technologies based on fossil fuels; (ii) geographical restriction for CES systems with external
heat source coming from geothermal cycles; (iii) low energy density which increases the
volume of the storage tank and consequently the investment cost; and (iv) overestimation
of the storage efficiency of regenerators using liquid or solid substances as storage media.

In order to cover the knowledge gaps as well as to address the aforementioned
drawbacks, a novel cogeneration CES system based on Claude cycle from [9] is proposed,
using only air as working fluid. The main modifications incorporated into the proposed
cogeneration CES system are summarized as follows: (i) it liquefies a minor amount of
fluid during the power generation regime, and generates a minor amount of power during
the liquefaction regime; (ii) it uses a multi-expansion turbine with re-heaters fed by an
external source of energy [25, 26, 27]; (iii) it uses an expander split into two sections,
employing the environment as a heat source before the second expansion, a technique
that increases power production and improves the liquefaction process. The proposed CES
system does not have any environmental issue associated with the use of fossil fuels or
toxic substances. Furthermore, it is geographically unconstrained due to the use of a simple
cryogenic fluid (air) and easily adapted to consume electricity and heat from renewables
or conventional power plants. In order to conceive a simple cycle without the presence of
regenerators with low efficiency, the only way of storing energy for the cogeneration CES
system is in the form of liquid air in the cryogenic tank whose storage capacity can be
selected to meet the external demands of electricity and cooling loads. The present work
aims to enhance the performance of the base case CES system by employing cogeneration,
a new layout architecture for power production and the simultaneous operation of the
charging and discharging circuits.
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Table 2.5 – Summary of the main patents on CES systems from 1992 to 2021.

Authors Type of CES 𝜂𝑟𝑡(%)

Ha, 1992 [128] Air Separation Unit (ASU)-Expander -
Atsumi, 1996 [129] Gas turbine-Storage tank -
Wakana et al., 2001 [130] Gas turbine-Storage tank -
Chino et al., 2003 [131] Gas turbine-Storage tank -
Shirk et al., 2005 [132] Rankine-Cryogenic storage tank -
Claire, 2006 [133] Cryogenic storage tank-propeller 21.0
Chen et al., 2007 [134] Linde-Hampson-ASU-Storage tank 172.3
Chen et al., 2009 [64] Linde-Hampson-ASU-Storage tank 172.3
Vandor, 2011 [135] Kapitza, Linde-Hampson Storage 108.5
Morgan et al., 2013 [136] Claude-Storage tank -
Cook et al., 2015 [137] Simple expansion Cryogenic tank -
Alekseev, 2015 [138] Linde-Hampson (L-H) Cryogenic tank -
Porto et al., 2016 [139] L-H, Claude and Collins Cryogenic tank -
Chen et al., 2016 [140] Linde-Hampson-ASU Storage tank 172.3
Chen et al., 2016 [141] Linde-Hampson Storage tank -
Naumovitz et al., 2017 [142] Cold storage-Heat pipes -
Morgan et al., 2018 [143] Claude, Kapitza, Cryogenic storage tank -
Ding et al., 2018 [144] CES-Battery-Cryogenic storage tank -
She et al., 2018 [145] Hybrid-Linde-Hampson Storage tank -
Upperman et al., 2019 [146] Heylandt Cryogenic storage tank -
Conlon, 2019 [147] Heat engine-CES Cryogenic tank 46.9
Upperman et al., 2020 [148] Heylandt Cryogenic storage tank -
Conlon, 2020 [149] Gas turbine-CES Cryogenic tank 69.5
Sinatov, 2020 [150] CHP: Gas turbine-CES 79.3
Conlon, 2021 [151] CCCPP: ORC-Gas turbine-CES 144.4
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3 Research methods

This chapter provides the research methods associated with the thermodynamic
and economic analysis of cogeneration CES systems with the simultaneous operation of
the charging and discharging processes to achieve the objectives of the present work. The
main characteristics of the CES cycles are described. The energy and exergy analyses
based on mathematical models to assess the thermodynamic performance of the CES
systems are applied. Additionally, economic analysis for three alternatives of cogeneration
CES systems is carried out. Likewise, optimization and uncertainty tools are applied to
come up with the optimal parameters and indicators of the proposed CES systems and,
respectively, prove the accuracy of the economic results. In this work, the metric system
of measurement used is the International System of Units established in 1960 [152].

3.1 System description.
A simplified schematic diagram of a conventional stand−alone CES system is

shown in Fig. 3.1. Off−peak or renewable electricity is used to drive the compressor (C)
and a fraction of air mass flow rate (𝑚̇𝑐) is liquefied by expansion in the Joule-Thomson
valve (JT-V) and stored in the cryogenic tank, which must be well insulated to reduce
heat leak [153]. On peak time or when power is required, liquid air is pumped through a
cryogenic pump (CP) and evaporate in a heat exchanger, then gas mass flow rate (𝑚̇𝑝)
at high pressure runs the turbine (T) to produce electricity. Cold from the evaporation
process is recycled and waste heat from the charging section or external source can be
used to improve the performance of the cycle. The air flow throughout the recycling
circuit is promoted by a flow machine. The traditional form to operate CES system has
been established by means of the separation of the charging and discharging processes.
This thesis proposes an alternative of operation for CES systems combining or running
simultaneously the liquefaction and expansion processes. For this, during charging regime,
a low liquid air mass flow rate (𝑚̇𝑝 < < 𝑚̇𝑐) is evaporated and then expansioned in the
turbine to produce power, and at the same time reduce the required liquefaction work.
Whilst for discharging process, a reduced air mass flow rate (𝑚̇𝑐 < < 𝑚̇𝑝) is liquefied
in order to extent the electricity generation, guarantee the steady state operation and
enhance the thermal inertia during the inversion process.

Claude cycle has been studied by many researches [10, 52, 55, 88, 70, 154], and
results reveal that it performs an efficient liquefaction process. Abdo et al. [9] proposed
the schematic of Figure 3.2 to be compared with Linde-Hampson and Collins liquefaction
cycles. In this cycle, for charging process, the air (𝑚̇𝑐) is compressed (1-2) at high pressure,
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Figure 3.1 – Schematic of a conventional stand-alone CES system with heat and cold
storage.

and then is cooled through the heat exchangers (2-6), and expanded through an expansion
valve (6-7) to the storage of liquid air. After the first heat exchanger, a fraction of air is
diverted (13) and expanded (13-14) in a single expansion turbine (T-1), which reduces
the power required by the compressor. The return air gas (𝑚̇𝑔, state 8) flows through the
three heat exchangers (8-12) to cool the high pressure air. Similarly, a reduced liquid air
mass flow rate (𝑚̇𝑝) serves as a second cooling circuit (17-19), which is expanded for power
production (19-20). For discharging process, the cycle operates in a similar way, but with
a reduced air mass flow rate (𝑚̇𝑐) through the liquefaction circuit. The main limitations
of this cycle are found in the reduced harness of the exergy from the cooling circuit 2
for both charging and discharging processes (possibility of using an evaporator), the low
use of electricity generation potential from T-2 (possibility of using a multiexpansion
turbine), and the insufficient use of the electricity generation potential at the expander
(T-1) without compromise the cold production (use of double expansion). Based on this
study, the present work proposes alternative conceptual changes in the operation mode
and the topology of the cycle, as shown in Fig. 3.3.

CES

HE-1 HE-2 HE-3

α

T-2

T-1

C

CP

JT-V

1

2 3 4 5

6

7

8

1718

9
10

11

13

14

15

16

12

19

20

(1-α)

α

Make-up 

purified air

Liquefaction circuit

Cooling circuit 1

Cooling circuit 2

Power circuit 1

Power circuit 2

ሶ𝑚𝑐

ሶ𝑚𝑝

ሶ𝑚𝑝

ሶ𝑚𝑔

Figure 3.2 – Schematic of the modified Claude liquefaction cycle studied in [9]

.

The selection of the Claude cycle in this research obeys its appropriate technical
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characteristics and advantages with respect to other liquefaction cycles. For instance, for
the same working fluid, Claude cycle presents higher specific liquid yield and efficiency
than Linde-Hampson cycle [52, 155] and slightly higher figures to Collins cycle [9]. Another
advantage is the basic layout of the components. In this regard, Claude cycle has three
heat exchangers and an expander, which are useful to reduce the power consumption from
the compressor. While Linde-Hampson cycle does not have expander, Collins cycle has
two and six heat exchangers [54, 73], which represent the double of the elements in the
liquefaction section compared to Claude cycle. In spite of the number of expanders in the
Collins cycle, the required specific work to produce the unit of liquid air is higher than
Claude cycle [9]. Additionally, Claude cycle can be more easily integrated to other storage
technologies, conventional or renewable power plants [28, 88], modified [156, 157, 158] and
uses different working fluids [18, 51]. These aforementioned advantages of Claude cycle
make it suitable for cogeneration purposes.

Figure 3.3 depicts the proposed cycle with the main modifications. The liquefaction
process is represented by the sequence of thermodynamic states 2-7. This is the path
followed by the air up to the cryogenic tank. The secondary circuits responsible for cooling
are: Cooling circuit 1 (8-12) and Cooling circuit 2 (18-21). Also, power is produced from:
Power circuit 1 (13-16) and Power circuit 3 (22-30). The non-consecutive numbering of
power circuits obeys the order that the three turbines (Figures 3.4 and 3.5 ) would finally
have when replacing the expansion valve with a cryogenic hydraulic turbine.
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Figure 3.3 – Proposed CES system. The system is divided in liquefaction, cooling and
power circuits. During discharging regime, section 19 to 21 is bypassed (HE-1
and HE-2 are not used)

.
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The main cooling section is the Cooling circuit 1 (8-12). Part of the fluid from the
Liquefaction circuit (2-7) is bypassed to the two section cryogenic turbine through the
Power circuit 1 (13-16) with intermediate reheat (14-15) up to environment temperature,
which increases the cooling effect of sections 8-12, and at the same time, more power
is produced, and consequently, less work is needed by the cycle. Additionally, cooling
is provided to section 2-7 coming from Cooling circuit 2 (18-21). In section 21-22 and
30-31, the cycle serves as a cooling source for an external load at the evaporator (E),
turning the cycle in a cogeneration system. In the previous research [10], this available
exergy cooling load was not utilized. An additional power circuit is also proposed in Power
circuit 3 (22-30), using the multi-expansion turbine (T-3) with reheat temperature (𝑇𝑟) at
every stage. For turbines, the power changes with the number of expansion stages. The
higher the turbine stages, the higher power generation when the inlet pressure of the
working fluid gradually increases [159]. Likewise, the increase of power generation with
the number of expansion sections is meaningful in the first three or four stages. For five or
six expansion sections, the trend of power gain is reduced and the power plant becomes
more complex, which can led to increase the irreversibilities. Consequently, the use of four
section expansion turbine is generally recommended [70, 79].

The main proposed operation modes for CES systems are explained as follows. In
the charging mode, mass flow rate of sections 18-21, which is driven by a cryogenic pump,
is much lesser than the one coming from the compressor (𝑚̇𝑝 << 𝑚̇𝑐). Under this condition,
cooling load is provided to an external user through the evaporator and the additional
power generated at the multi-expansion turbine further reduces the power required for the
liquefaction process. During the discharging mode, the system remains operating with the
same components, with the exception that: (i) 𝑚̇𝑐 << 𝑚̇𝑝; and (ii) HE-1 and HE-2 in the
Cooling circuit 2 are bypassed, due to the lower required cooling load. Figures 3.6 and
3.7 show the temperature and entropy diagrams for the cycle in charging and discharging
regime, respectively.

In order to assess the thermodynamic and economic performance of the proposed
alternatives, based on the conventional cycle shown in Fig. 3.2, three operation modes and
modifications in the topology have been also considered. For operation mode A is used
the Fig. 3.4. For this, the expansion valve (Fig. 3.2), which executes a highly irreversible
process, is substituted by a hydraulic cryogenic turbine (T-2). An evaporator (E) is added
to provide cooling load to an external user. Moreover, the single expansion turbine in
Fig. 3.2 is replaced by the four section expansion turbine (T-3) and the air stream from
the final expansion (Fig. 3.4) is returned to the evaporator to increase the cooling load
and turn the cycle more efficient. For the operation mode A, the charging and discharging
processes are performed as usual, that is, separately.

Figure 3.5 illustrates the proposed CES system to evaluate its performance for
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Figure 3.4 – Schematic of the modified Claude liquefaction cycle for cogeneration regime
with a hydraulic expansion turbine (operation mode A)
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two operation modes, that is, B and C. The liquefaction process is represented by the
sequence of thermodynamic states 2-7. For this, three heat exchangers are used, identified
as HE-1, HE-2 and HE-3. This is the path followed by the air up to the cryogenic tank.
At the cryogenic turbine (T-2), the air is expanded (6-7) from the compressed liquid
region to the liquid-gas region, then the phases are separated in the cryogenic storage tank.
The secondary circuits responsible for cooling are: Cooling circuit 1 (8-12) and Cooling
circuit 2 (18-21). Also, power is produced from: Power circuit 1 (13-16), where a two
section expansion turbine is used rather than the single expansion turbine from Fig. 3.2;
Power circuit 2 (6-7); and Power circuit 3 (22-30). At the turbine T-3, the air is reheated
in every stage up to 𝑇𝑟 temperature.

The main differences between the operation modes B and C are explained as follows.
For mode B, during charging process, the air mass flow rate through the compressor is
greater than the expansion section (𝑚̇𝑐 >> 𝑚̇𝑝). Under this condition, the liquid air mass
flow rate (𝑚̇𝑝) does not surpass the liquefaction rate (𝑑𝑚/𝑑𝑡) in the storage tank, also
a cooling load is served to an external user through the evaporator and an additional
power generated at T-3, reducing the required power for the liquefaction process. During
the discharging process, the CES system remains operating in the same way, with the
exception that: (i) 𝑚̇𝑐 << 𝑚̇𝑝, in contrast to what happens in the charging regime; and
(ii) HE-1 and HE-2 in the Cooling circuit 2 are disabled to exchange heat, due to the
lower load necessary to liquefy the air. For mode C, the charging process is identical
to the operation mode B. Whilst for discharging process, only the equipment from the
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expansion section operates, that is, the cryogenic pump (CP), the evaporator (E) and
the four sections expansion turbine (T-3). Figures 3.8 and 3.7 show the temperature and
entropy diagrams for the cycles in the charging and discharging regime, respectively.
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3.2 Mathematical model and assumptions.
The general methodology applied for thermodynamic and economic evaluations of

the cogeneration CES systems is illustrated in Fig. 3.9. Similarly, the general mathematical
model algorithm applied in this study is shown in Fig. 3.10. In order to define the most
feasible alternative among CES systems from a thermodynamic and economic point of view,
the assumptions for the simulation procedure are assumed as follows: (i) the cryogenic
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Table 3.1 – Data and assumptions for thermodynamic analysis of the CES systems.

Parameter Unit Value Ref.

Ambient pressure MPa 0.1013 [161]
Ambient temperature K 298.15 [161]
Outlet compressor pressure MPa 5.0 [10]
Outlet pump pressure MPa 20.0 [10]
Compressor isothermal efficiency - 0.87 [10, 92]
Turbine isentropic efficiency - 0.90 [86, 65, 162]
Pump isentropic efficiency - 0.78 [10, 76]

Table 3.2 – Data and assumptions for economic analysis of the CES systems.

Parameter Unit Value Ref.

Cycles per year, 𝑐𝑦 c/y 730 - 2190 [121, 119]
Economic life, n years 30 [92, 163]
Interest rate, i % 6.0 [109]
Inflation rate, I % 1.5
Peak electricity price, 𝐸𝑇 $/𝑘𝑊ℎ 0.2249 [164]
Off-peak electricity price, 𝐸𝑇 $/𝑘𝑊ℎ 0.0897 [164]
Price of heat, 𝐶𝐻 $/𝑘𝑊ℎ 0.0098 [163]
Price of cooling, 𝐶𝐶 $/𝑘𝑊ℎ 0.059 [163]
Price of liquid air, 𝐶𝐿 $/𝑘𝑔 0.324 [165]

tank operates at transient regime and constant pressure of 0.1 MPa. The rest of the
thermodynamic states are assumed to be at steady state; (ii) changes on potential and
kinetic energy are neglected; (iii) compressor, pump and turbine efficiency does not depend
on pressure, temperature or mass flow rate; (iv) negligible pressure drop in heat exchangers
and pipelines; (v) thermodynamic properties of the working fluid are evaluated using the
EES software as a real gas; (vi) the electrical efficiency of the generator is 100 %; (vii) the
heat transfer (heat leak) between the subsystems and the surroundings is only considered at
the heat exchangers; and (viii) the throttling process in the expansion valve is isenthalpic.
The heat leaks by volume per day in low-pressure cryogenic tanks reported in literature
oscillate from 0.05 % to 0.2 % decreasing with cryogenic tank size [65, 160, 76, 110]. That is
why the heat leaks at the cryogenic tank are considered negligible. The general assumptions
made for thermodynamic and economic simulations are summarized in Tables 3.1 and 3.2,
respectively.
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Figure 3.9 – Flow chart of the general methodology for cogeneration CES cycle analysis.

3.3 Thermodynamic modeling.

3.3.1 Heat exchangers.

The three-fluid counter flow heat exchangers are modeled by NTU method [166,
167, 168] to find the inlet and outlet temperatures by iterative procedure as shown in
Fig. 3.11. The heat exchanger effectiveness (𝜀) is defined as the ratio of the actual heat
transfer rate to the maximum possible heat transfer rate. For each heat exchanger, the
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ሶ𝑄, P, T, ሶ𝑊𝑡3, ሶ𝑊𝑐, η, ሶ𝑚

y, 𝑒𝑁, 𝐸𝑥𝑈𝐹,ηrt, 𝐸𝐷

ሶ𝑚𝑐 >> ሶ𝑚𝑝

Charging Discharging

ሶ𝑚𝑝 >> ሶ𝑚𝑐
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If :

Eq. (3.37)

Eq. (3.44)

Economic analysis:

NPV, 𝐼𝑅𝑅, 𝑃𝐵𝑃,B/C, LCO𝐸

Figure 3.10 – Flow chart pattern of the applied general mathematical model for the CES
systems.

effectiveness and energy balance equations are applied.

𝜀𝑘 = 𝑄̇𝑎,𝑘

𝑄̇𝑚𝑎𝑥,𝑘

= 𝐶ℎ(𝑇ℎ,𝑖 − 𝑇ℎ,𝑜)
𝐶𝑖𝑛(𝑇ℎ,𝑖 − 𝑇𝑖𝑛,𝑖) + 𝐶𝑐(𝑇ℎ,𝑖 − 𝑇𝑐,𝑖)

(3.1)

where, 𝐶ℎ, 𝐶𝑖𝑛 and 𝐶𝑐 are the capacity rates of the hot, intermediate and cold fluids,
respectively. The capacity rate is the product of mass flow rate and specific heat capacity
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for every stream. 𝑇ℎ,𝑖, 𝑇𝑖𝑛,𝑖 and 𝑇𝑐,𝑖 represent the inlet temperature of hot, intermediate
and cold fluids, respectively. The outlet temperature have been set with the subscript 𝑜.
For the study, the hot fluid is identified by stream 2-6, which flows counter-current in
respect to intermediate (8-12) and cold (18-21) streams as illustrated in Figs. 3.3, 3.4 and
3.5, respectively.

The critical part for heat exchangers analysis is that only 𝑇2, 𝑇8 and 𝑇18 tempera-
tures are known. The 𝑇8 and 𝑇17 values, which represent respectively the saturated vapor
and liquid, are set by the cryogenic tank pressure. All the intermediate temperatures
(𝑇3 = 𝑇4, 𝑇5, 𝑇6, 𝑇9, 𝑇10, 𝑇11, 𝑇19 and 𝑇20) are unknown variables. Based on the fact that the
effectiveness of the heat exchangers must be high enough to achieve high liquefaction rates
[52] and in the light of increasing effectiveness with decreasing liquefaction air temperature
[54], it is set to be 𝜀1 = 0.96, 𝜀2 = 0.97 and 𝜀3 = 0.98, respectively. As the air compression
in the compressor is considered as isothermal, 𝑇2 = 𝑇12𝑖 for ideal conditions. When the
effectiveness concept of HE-1 is considered for one stream, 𝜀1 = (ℎ12 − ℎ11)/(ℎ12𝑖 − ℎ11),
the actual intermediate outlet temperature (𝑇12) is lower than the ideal one (𝑇12 < 𝑇12𝑖).
The previous procedure is also applied to HE-2. Considering that the heat absorbed in the
cold box takes place by the heat transfer process between the intermediate and cold fluids
with the surroundings, the heat lost at every heat exchanger is given by Eq. 3.2.

𝑄̇0,𝑘 = (1 − 𝜀𝑘)[𝑚̇𝑖(ℎ𝑖𝑛,𝑜 − ℎ𝑖𝑛,𝑖) + 𝑚̇𝑝(ℎ𝑐,𝑜 − ℎ𝑐,𝑖)] (3.2)

The equivalent effectiveness (𝜀) can be deduced considering that the total heat
transferred in the cold box is the sum of the heat transferred by each heat exchanger, that
is:

𝜀 = 𝜀1
(ℎ2 − ℎ11)

(ℎ2 − ℎ8) + (ℎ2 − ℎ18)
+ 𝜀2

(ℎ4 − ℎ10)
(ℎ2 − ℎ8) + (ℎ2 − ℎ18)

+ 𝜀3
(ℎ5 − ℎ8)

(ℎ2 − ℎ8) + (ℎ2 − ℎ18)

(3.3)

The specific heat capacity of cryogenic fluids (Air, 𝑁2, 𝐶𝑂2, and others) vary
dramatically with temperature as the pressure approaches the critical point (pseudocritical
region), this characteristic must be considered when cryogenic heat exchangers are evaluated.
For this reason, every heat exchanger is discretized into N elements or nodes (N=150)
in order to take into account the variation of fluid properties with temperature. By
iterative procedure, the N value was chosen according to the minimum difference (absolute
convergence error) between the heat transfer areas obtained for N and N+1, respectively
[169, 170]. Fig. 3.12 shows the discretization scheme for the heat exchangers modeling. For
every node j, the heat capacity rate of the hot, cold and intermediate fluid are given by
equations Eqs. 3.4, 3.5 and 3.6, respectively.
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HE−1
ሶ𝑄𝑖, hi=f(Ti), ε1

HE−2
ሶ𝑄𝑖, hi=f(Ti), ε2, α

HE−3
ሶ𝑄𝑖, hi=f(Ti), ε3

If: |Ti‒Tassume,i| <0.001

Yes

No

Yes

No

Yes

No

T11’=T11

T10’=T10

T6’=T6

Calculate:
ሶ𝑄𝑖, ε, CRi, Ui, NTUi, Ai, ሶ𝐸𝑥𝐷

End

Input:

T, Pc, Pp, Pg, ԑ, ṁ, α

Properties: h, u, s

Known: T1, T2, T8, T17, T18

Assume: T9, T10, T11, T19, T20, T21

ሶ𝑚𝑐 >> ሶ𝑚𝑝

Charging Discharging

ሶ𝑚𝑝 > > ሶ𝑚𝑐

T3’=T3

T20’=T20

T5’=T5

T19’=T19

T9’=T9

T3=T4 =T13

If: |Ti‒Tassume,i| <0.001

If: |Ti‒Tassume,i| <0.001

Figure 3.11 – Flow chart layout for the iterative method applied for heat exchangers
modeling.

𝐶ℎ,𝑗 = 𝑚̇ℎ
ℎℎ,𝑗 − ℎℎ,𝑗+1

𝑇ℎ,𝑗 − 𝑇ℎ,𝑗+1
(3.4)

𝐶𝑐,𝑗 = 𝑚̇𝑐
ℎ𝑐,𝑗 − ℎ𝑐,𝑗+1

𝑇𝑐,𝑗 − 𝑇𝑐,𝑗+1
(3.5)

𝐶𝑖𝑛,𝑗 = 𝑚̇𝑖𝑛
ℎ𝑖𝑛,𝑗 − ℎ𝑖𝑛,𝑗+1

𝑇𝑖𝑛,𝑗 − 𝑇𝑖𝑛,𝑗+1
(3.6)

Where, the subscripts j and j+1 represent respectively the fluid outlet and inlet at every
node. 𝑚̇ℎ, 𝑚̇𝑐 and 𝑚̇𝑖𝑛 are the air mass flow rate for the hot, cold and intermediate stream,
respectively. In the application of this procedure, the temperatures and enthalpies are
firstly updated, and then the heat capacity rate. The actual heat transfer rate at every
node (𝑄𝑎𝑘,𝑗) and the heat leak (𝑄0𝑘,𝑗) are defined by the discretization of the heat balance
equations (Table B.1 from Appendix B) for each heat exchanger and Eq. 3.2, respectively.
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Then, the heat capacity ratio for every node of the heat exchanger is calculated when
𝐶𝑚𝑖𝑛,𝑗 and 𝐶𝑚𝑎𝑥,𝑗 are identified.

𝐶𝑅,𝑗 = 𝐶𝑚𝑖𝑛,𝑗

𝐶𝑚𝑎𝑥,𝑗

(3.7)

1   2   3    •   •    •      j •     •   •    •   •   N
Th,i Th,o

Tin,o Tin,i

Tc,o Tc,i

Th,j+1

Tin,j+1

Tc,j+1

Th,j

Tin,j

Tc,j

j

Control volume

ṁin

ṁh

ṁc

ṁin

ṁh

ṁc

𝑑 ሶ𝑄0𝑘,𝑗

𝑑 ሶ𝑄0𝑘,𝑗

Figure 3.12 – Discretization diagram for heat exchanger modeling.

For the mixing point, located between HE-2 and HE-3, Fig. 3.3, the heat and mass
balance equations are applied: 𝑚̇9ℎ9 + 𝑚̇16ℎ16 = 𝑚̇10ℎ10 and 𝑚̇9 + 𝑚̇16 = 𝑚̇10, respectively.
The resultant state (10) at the mixer point will depend on temperature and mass flow rate
coming from the HE-3 (9) and the second stage of the cryogenic turbine (16). The actual
condition at state 16 is obtained by considering the isentropic efficiency of the turbine
given in Fig. 3.9, that is, 𝜂𝑡 = (ℎ15 − ℎ16)/(ℎ15 − ℎ16𝑠). All the early assumed temperatures
are corrected by using the convergence criteria for every heat exchanger as indicated in
Fig. 3.11. The subscript s at 𝜂𝑡 equation represents an ideal isentropic expansion process.

For design conditions, the product of the overall heat transfer coefficient and
reference surface area (UA) for the entire heat exchanger is essential [171, 172]. Therefore, in
order to determine the heat transfer area for every heat exchanger, the overall heat transfer
coefficient (𝑈𝑘) at off-design condition is chosen according to fluids phases interaction [37]
and varying in respect to air mass flow rate at every heat exchanger [111] according with
Eq. 3.8.

𝑈𝑘 = 𝑈0

(︂
𝑚̇𝑘

𝑚̇0

)︂𝛽

(3.8)

where 𝑈0 and 𝑚̇0 are respectively the overall heat transfer coefficient and air mass flow
rate for design conditions. In particular, 𝑈0 is assumed to be 0.9 𝑘𝑊/𝑚2𝐾 [173, 174] and
𝑚̇0 is selected according to the cryogenic tank capacity. 𝛽 is an exponent that depends on
the heat exchanger configuration, for this study is taken as 𝛽=0.66 [175].
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The number of transfer unit (𝑁𝑇𝑈𝑘,𝑗) within each node is modelled by Eq. 3.46
[37].

𝑁𝑇𝑈𝑘,𝑗 = 1
1 − 𝐶𝑅,𝑗

𝑙𝑛
(︂1 − 𝐶𝑅,𝑗𝜀𝑘

1 − 𝜀𝑘

)︂
(3.9)

The heat transfer area of each element and the total area of every heat exchanger
are calculated by Eqs. 3.47 and 3.66, respectively.

𝐴𝑘,𝑗 = 𝑁𝑇𝑈𝑘,𝑗𝐶𝑚𝑖𝑛,𝑗

𝑈𝑘

(3.10)

𝐴𝑘 =
𝑁∑︁

𝑖=1
𝐴𝑘,𝑗 (3.11)

3.3.2 Evaporator model.

The cooling thermal exergy generate by the CES, which turns it in a cogeneration
plant, is supplied to the external consumer through the evaporator by means of two
streams, the first one coming from HE-1 (21) and the second one (30) from the last
expansion of turbine three (T-3) as shown in Figure 3.3. The cooling exergy is the product
of the heat transfer rate and the Carnot efficiency [176], where 𝑇𝑤 is taken as the weighted
average temperature between the streams. For the evaporator, the energy and exergy
balance equations for steady state conditions are given in Table B.1. Other approaches
with different model propositions for exergy evaluation can be seen in [177, 178]. In order
to predict the evaporator performance, three alternatives of modeling can be applied: (i)
node lump modeling method, (ii) distributed modeling method, and (iii) zone modeling
method [166, 37]. During the charging regime, the evaporator operates in the supercritical
region (Figs. 3.6 and 3.8) where phase changes do not occur. For this, the first modeling
method can be applied. However, during the discharging regime, the evaporator operates
in the sub-cooled and superheated regions as illustrated in Fig. 3.7. Therefore, the zone
modeling method should be considered. Consequently, the evaporator is divided into two
regions, sub-cooled region and superheated region. Then the discretization for each region
is applied dividing the evaporator into segments along the flow direction [179] in a similar
way to that carried out for the heat exchangers. Considering adiabatic external surface
along the evaporator and charging regime, the heat absorbed in every node is given by
Eq. 3.12.

𝑄̇𝐸,𝑘 = 𝑚̇𝑝[(ℎ1,𝑘 − ℎ1,𝑘+1) + (ℎ2,𝑘 − ℎ2,𝑘+1)] (3.12)
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Where, k and k+1 are the fluid outlet and inlet at each node, respectively. ℎ1 and ℎ2

represent the specific enthalpy of streams 21-22 and 30-31, respectively. For N=150 nodes,
the total heat transfer rate or cooling load for the external user is estimated as:

𝑄̇𝐸,𝑡 =
𝑁∑︁

𝑘=1
𝑄̇𝐸,𝑘 (3.13)

In order to consider the variation of fluid properties with respect to temperature,
for every node k, the heat capacity for the streams are calculated as:

𝐶1,𝑘 = 𝑚̇𝑝
ℎ1,𝑘 − ℎ1,𝑘+1

𝑇1,𝑘 − 𝑇1,𝑘+1
(3.14)

𝐶2,𝑘 = 𝑚̇𝑝
ℎ2,𝑘 − ℎ2,𝑘+1

𝑇2,𝑘 − 𝑇2,𝑘+1
(3.15)

During discharging regime, the stream 19-22 undergoes a phase change, whilst
stream 30-31 remains in gas state (superheated region) during the heat transfer process
(Fig. 3.7). For low cooling demand at the heat exchangers, the state 19 can be defined at
a lower temperature. The heat transfer rate in every node is determined by Eq. 3.16

𝑄̇𝐸,𝑘 = 𝑚̇𝑝[(ℎ1𝑎,𝑘 − ℎ1𝑎,𝑘+1) + (ℎ1𝑏,𝑘 − ℎ1𝑏,𝑘+1) + (ℎ2,𝑘 − ℎ2,𝑘+1)] (3.16)

In above equation, ℎ1𝑎 and ℎ1𝑏 represent the specific enthalpy of fluid for the
sub-cooled and superheated region, respectively. The total heat transfer rate is determined
by Eq. 3.13 and the heat capacity in every node for liquid and gas regions are calculated
by Eqs. 3.17 and 3.18, respectively.

𝐶1𝑎,𝑘 = 𝑚̇𝑝
ℎ1𝑎,𝑘 − ℎ1𝑎,𝑘+1

𝑇1𝑎,𝑘 − 𝑇1𝑎,𝑘+1
(3.17)

𝐶1𝑏,𝑘 = 𝑚̇𝑝
ℎ1𝑏,𝑘 − ℎ1𝑏,𝑘+1

𝑇1𝑏,𝑘 − 𝑇1𝑏,𝑘+1
(3.18)

For stream 30-31, the heat capacity in every node is determined by Eq. 3.15. In the
previous methodology, the critical temperature of air is used to separate the sub-cooled
region from superheated region.

The local heat transfer unit for every node can be expressed as [180].

𝑁𝑇𝑈𝐸,𝑘 =
𝑙𝑛
[︁

(1−𝜀𝑘)
(1−𝐶𝑅,𝑘𝜀𝑘)

]︁
𝐶𝑅,𝑘 − 1 (3.19)

The heat capacity ratio for every section of the evaporator is given by Eq. 3.20.
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𝐶𝑅,𝑘 = 𝐶𝑚𝑖𝑛,𝑘

𝐶𝑚𝑎𝑥,𝑘

(3.20)

For each section of the evaporator, the heat transfer area can be obtained by
Eq. 3.21 and the total area is calculated by Eq. 3.22, respectively [181].

𝐴𝐸,𝑘 = 𝑁𝑇𝑈𝐸,𝑘𝐶𝑚𝑖𝑛,𝑘

𝑈𝑘

(3.21)

𝐴𝐸 =
𝑁∑︁

𝑖=1
𝐴𝐸,𝑘 (3.22)

3.3.3 Expansion valve model.

An expansion valve is approximated as an isenthalpic and dissipative device with
negligible heat transfer and no work interaction. For the throttle valve, the model proposed
in [182] is applied. Other approaches can be seen in [178, 177]. The study presents a
detailed analysis to deal with dissipative devices to avoid conflicting results regarding the
application of the Second Law of Thermodynamics.

3.3.4 Cryogenic tank.

The cryogenic tank (Fig. 3.13) separates the liquid and vapor phases and stores
liquid air by reducing evaporation for a long time with the use of a suitable insulation
material.

Dislocated volume

L

γ

g

(1−𝛼)  𝑚𝑐

 𝑚𝑝

 𝑚𝑔

g+γ

Saturated liquid

(a)

L
γ

g

(1−𝛼)  𝑚𝑐

 𝑚𝑝

 𝑚𝑔

g‒γ

Saturated liquid

Dislocated volume(b)

Figure 3.13 – Cryogenic tank during (a) charging and (b) discharging regimes. Adapted
from [10].

The increase or decrease of liquid level inside the tank produces a dislodgement
of the gaseous phase, increasing the gas mass flow rate leaving from the tank during
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charging regime as shown Fig. 3.13a, and reducing it for discharging regime as indicated in
Fig. 3.13b. The liquid level movement produces a volume displacement given by Eq. 3.23.

𝑉̇𝑙 = 𝑣𝑙[(1 − 𝛼)𝑦𝑚̇𝑐 − 𝑚̇𝑝] (3.23)

where 𝑣𝑙 is the specific volume of saturated liquid going out the tank, 𝑚3/𝑘𝑔. Knowing
that 𝛾 = 𝑚̇𝑔/(1 − 𝛼)𝑚̇𝑐, equation 3.24 can be deduced.

𝛾 = 𝜌𝑔𝑉̇𝑙

(1 − 𝛼)𝑚̇𝑐

= 𝜌𝑔𝑣𝑙

[︃
𝑦 − 1

(1 − 𝛼)
𝑚̇𝑝

𝑚̇𝑐

]︃
(3.24)

where 𝜌𝑔 is the gas density, 𝑘𝑔/𝑚3. The term 𝛾 represents the variation of the mass of
liquid air per unit of air mass entering the tank and characterizes the transient process
inside it. The mass balance equation for cryogenic tank control volume is expressed by
Eq. 3.25.

𝑑𝑚

𝑑𝑡
= [(1−𝑦)(1−𝛼)𝑚̇𝑐(𝑡)+(1−𝛼)𝑦𝑚̇𝑐(𝑡)]−𝑚̇𝑝(𝑡)− [(1−𝑦)(1−𝛼)𝑚̇𝑐(𝑡)+𝑚̇𝑔(𝑡)] (3.25)

Substituting Eq. 3.24 and simplifying, the mass balance equation for the transient
regime in the tank is stated by 3.26.

𝑑𝑚

𝑑𝑡
= [(1 − 𝛼)𝑦𝑚̇𝑐(𝑡) − 𝑚̇𝑝(𝑡)](1 − 𝜌𝑔𝑣𝑙) (3.26)

For the cryogenic tank control volume, the heat balance equation for transient
regime is stated by 3.27.

𝑑𝑈

𝑑𝑡
= [(1 − 𝑦)(1 − 𝛼)𝑚̇𝑐(𝑡)ℎ𝑔 + (1 − 𝛼)𝑦𝑚̇𝑐(𝑡)ℎ𝑙] − 𝑚̇𝑝(𝑡)ℎ𝑝

− [(1 − 𝑦)(1 − 𝛼)𝑚̇𝑐(𝑡) + 𝑚̇𝑔(𝑡)]ℎ𝑔 (3.27)

The previous equation establishes that the stored energy is proportional to the
energy entering the tank, reduced in the energy leaving the tank to the expansion section for
power production and also reduced by the energy used in the liquefaction heat exchangers.
Knowing that the enthalpy of saturated liquid entering the tank is equal to the liquid
enthalpy leaving the tank (ℎ𝑙 = ℎ𝑝), also ℎ = 𝑢 + 𝑝𝑣 and reducing terms, the heat balance
equation is simplified to 3.28.

𝑑𝑈

𝑑𝑡
= [(1 − 𝛼)𝑦𝑚̇𝑐(𝑡) − 𝑚̇𝑝(𝑡)]𝑢𝑙 − (1 − 𝛼)𝑚̇𝑐(𝑡)𝑢𝑔𝛾 (3.28)
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The thermodynamic models for predicting the transient variations of mass and
internal energy in the cryogenic tank are given by Eqs. 3.26 and 3.28. Internal energy
and exergy vary mainly by air mass flow rates and internal pressure in the tank, then by
means of pressure the properties of gas and liquid are determined for saturated conditions.
During charging and discharging regimes, for this study, the pressure in the cryogenic tank
is considered to remain constant (0.1 MPa). Therefore, the liquid air mass variation drives
the storage of internal energy and exergy inside the cryogenic tank.

After every discharging process, certain amount of liquid air remains inside the tank
to ensure the steady state conditions. Moreover, during the charging process, the liquid air
mass increases with time according to the mass balance equation given in Eq. 3.26, even
though the liquid air mass flow rate through the pump (𝑚̇𝑝), the air gas stream used for
cooling at the heat exchangers (𝑚̇𝑔) and the mixture entering the storage tank all remain
at steady state conditions, the liquid phase inside the tank increases whilst the gas phase
decreases by the fact of having a liquefaction rate greater than the liquid leaving the tank.

3.3.5 Liquid yield.

For the cryogenic energy storage (CES) systems liquid yield (𝑘𝑔𝐿/𝑘𝑔𝑎) is a very
important energy vector. In order to obtain the liquid yield mathematical model, for dis-
charging regime, the First Law of Thermodynamics is applied throughout heat exchangers,
turbines one and two, throttle valve and cryogenic tank control volume as illustrated in
Figs. 3.3 and 3.5, respectively. For this, internal energy are considered at certain rate
of accumulation and kinetic and potential energy are neglected. The equation 3.29 is
obtained.

𝑑𝑈

𝑑𝑡
= 𝑄̇0 − 𝛼𝑚̇𝑐[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇

− (1 − 𝛼)𝑚̇𝑐(ℎ6 − ℎ7𝑠)𝜂𝑇 + 𝑚̇𝑐ℎ2 − 𝑚̇𝑔ℎ12 − 𝑚̇𝑝ℎ17 (3.29)

In the liquefaction of air and other gases, heat exchangers must offer an efficient
method of heat transfer to enhance the liquid yield. Then, heat transfer (𝑄̇0) with the
surroundings must be minimal. The heat absorbed by the heat exchangers is evaluated
by Eq. 3.2 and the methodology used in Subsection 3.3.1 is also considered to obtain the
liquid yield mathematical model.

Applying mass balance equation for the cryogenic tank control volume (Fig. 3.13)
and considering the meaning of 𝛾 expressed before, the equation 3.30 is obtained.

𝑚̇𝑔 = 𝑚̇𝑐 − 𝑚̇𝑙 ± 𝑚̇𝛾 (3.30)
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In the previous equation, the positive (+) sign is used for charging regime and
negative (-) sign for discharging. Dividing equation 3.30 by 𝑚̇𝑐, the following relationship
is obtained:

𝑚̇𝑔

𝑚̇𝑐

= 1 − 𝑦 ± 𝛾 (3.31)

Where, y is the specific liquid yield in the cryogenic tank, expressed in kilogram of liquid
per kilogram of air. Substituting 3.31 and 3.2 on equation 3.29, also dividing it by 𝑚̇𝑐 and
solving for the specific liquid yield indicator, the equation 3.32 is inferred.

𝑦 =
[(ℎ12 − ℎ2)(1 − 𝜀)(ℎ12 − ℎ8)] + 𝑚̇𝑝

𝑚̇𝑐
ℎ17 + 1

𝑚̇𝑐

𝑑𝑈
𝑑𝑡

± 𝛾ℎ12

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)

+ 𝛼[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)
+ (1 − 𝛼)(ℎ6 − ℎ7𝑠)𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)
(3.32)

The previous equation models the specific liquid yield when a cryogenic hydraulic
turbine is used before the storage tank (Fig. 3.5). When the expansion valve is used for
liquefaction purposes (Fig. 3.3) and transient condition is considered, the liquid yield
function is given by Eq. 3.33.

𝑦 =
[(ℎ12 − ℎ2)(1 − 𝜀)(ℎ12 − ℎ8)] + 𝑚̇𝑝

𝑚̇𝑐
ℎ17 + 1

𝑚̇𝑐

𝑑𝑈
𝑑𝑡

± 𝛾ℎ12

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)

+ 𝛼[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)
(3.33)

To find the domain or limits in which the above function is valid, a mass balance
is applied for the cryogenic tank. For this case, the conservation of mass principle takes
the general form:

𝑑𝑚𝑐𝑣

𝑑𝑡
=

𝑛∑︁
𝑖=1

𝑚̇𝑖 −
𝑛∑︁

𝑗=1
𝑚̇𝑒 (3.34)

For the cryogenic tank control volume (Fig. 3.13), the mass balance equation for
transient condition is stated as:

𝑑𝑚𝑐𝑣

𝑑𝑡
= (𝑚̇𝑐 − 𝑚̇𝛼) − 𝑚̇𝑔 − 𝑚̇𝑝 (3.35)

where 𝑚̇𝑔 and 𝑚𝑝 are the saturated vapor and liquid mass flow rates leaving the tank,
kg/s; 𝑚̇𝛼 is the re-circulation mass flow rate through the turbine, kg/s.
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To achieve an effective production of liquid, 𝑚𝑔 must be greater than zero (𝑚̇𝑔 > 0).
Under this condition Eq. 3.35 adopts the following form:

−𝑑𝑚𝑐𝑣

𝑑𝑡
+ 𝑚̇𝑐 − 𝑚̇𝛼 − 𝑚̇𝑝 > 0 (3.36)

Dividing equation 3.36 by 𝑚̇𝑐, the validity of function 3.32 for transient condition
is obtained, that is:

𝑚̇𝑝

𝑚̇𝑐

+ 𝛼 < 1 − 1
𝑚̇𝑐

𝑑𝑚

𝑑𝑡
(3.37)

When the inequality of the previous inequation is the opposite, for instance, the
condition in equation 3.38 is met, the limit of liquid yield is stated by equation 3.39 and
the liquid yield estimated by Eq. 3.40.

𝑚̇𝑝

𝑚̇𝑐

+ 𝛼 > 1 − 1
𝑚̇𝑐

𝑑𝑚

𝑑𝑡
(3.38)

𝑦 = lim
𝑚̇𝑝
𝑚̇𝑐

+𝛼→ 1− 1
𝑚̇𝑐

𝑑𝑚
𝑑𝑡

= 𝑦(𝛼) (3.39)

𝑦(𝛼) = 0.99 − 𝛼 (3.40)

For steady state condition and using a cryogenic hydraulic turbine before the
storage tank (Fig. 3.5), the liquid yield is given by Eq. 3.41.

𝑦 = [(ℎ12 − ℎ2)(1 − 𝜀)(ℎ12 − ℎ8)]
ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)

+ 𝛼[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)

+ (1 − 𝛼)(ℎ6 − ℎ7𝑠)𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)
(3.41)

Equation 3.41 is valid for the following condition [10]:

𝑦 + 𝛼 < 1 (3.42)

When the condition is given by the inequality 3.43, the liquid yield should be
calculated by Eq. 3.44 [10].

𝑦 + 𝛼 > 1 (3.43)

𝑦 = 0.99 − 𝛼 (3.44)
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For an expansion valve as a device for liquefaction process (Fig. 3.3), the Eq. 3.41
becomes Eq. 3.45. The conditions 3.42 and 3.43 must be considered to apply Eq. 3.45.

𝑦 = [(ℎ12 − ℎ2)(1 − 𝜀)(ℎ12 − ℎ8)]
ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)

+ 𝛼[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇

ℎ12 − (1 − 𝜀)(ℎ12 − ℎ8)
(3.45)

3.3.6 Charging and discharging time.

The cryogenic storage tank operates in transient regime. The storage capacity will
determine the cooling and electrical production during discharging regime. By applying the
mass balance equation around the cryogenic tank control volume (Fig. 3.13a), the charging
time can be estimated by Eq. 3.46 assuming that the tank is being charged from 5 % of
its total capacity. The remaining air liquid (5 %) at the cryogenic tank ensures the steady
state operation of the rest of the components, that is, at the beginning of the charging
regime there is air liquid to be used for cooling and power production (cogeneration) in
the evaporator and four section expansion turbine, respectively. Since 𝑚̇𝑝 << 𝑚̇𝑐, the
cryogenic tank will be charged up to its maximum capacity.

Δ𝜏𝑐ℎ = 0.95𝐶𝑡103

[(1 − 𝛼)𝑦𝑚̇𝑐 − 𝑚̇𝑝] (1 − 𝜌𝑔𝜐𝑙)3600 (3.46)

where 𝐶𝑡 is the cryogenic tank capacity in t, 𝑚̇𝑐 is the air mass flow rate through the
compressor in kg/s, 𝑚̇𝑝 is the liquid air mass flow rate through the cryogenic pump in
kg/s, 𝜌𝑔 is the air gas density in 𝑘𝑔/𝑚3, and 𝜐𝑙 is the specific volume of liquid air in
𝑚3/𝑘𝑔. During discharging regime (𝑚̇𝑝 >> 𝑚̇𝑐) the liquid yield, stated by (1 − 𝛼)𝑦𝑚̇𝑐,
at the cryogenic tank, helps to extent the power production. Under this condition, the
discharging time is also obtained by the mass balance equation in transient regime applied
to the storage tank control volume (Fig. 3.13). At this point, the discharging process must
be carried out until 95 % of the total cryogenic tank capacity is used.

Δ𝜏𝑑𝑖𝑠 = 0.95𝐶𝑡103

𝑚̇𝑝(1 + 𝜌𝑔𝜐𝑙)3600 (3.47)

where 𝐶𝑡 is the cryogenic tank capacity in t, 𝑚̇𝑝 is the liquid air mass flow rate through the
cryogenic pump in kg/s, 𝜌𝑔 is the air gas density in 𝑘𝑔/𝑚3, and 𝜐𝑙 is the specific volume
of liquid air in 𝑚3/𝑘𝑔.

3.3.7 Power consumption.

The power required by the compressor (process 1-2, Figs. 3.3, 3.4 and 3.5) during
the charging and discharging processes is expressed by the isothermal reversible work and
determined by Eq. 3.48 [7, 76].
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−𝑊̇𝑐

𝑚̇𝑐

= 𝑇1(𝑠1 − 𝑠2) − (ℎ1 − ℎ2)
𝜂𝐶

(3.48)

Where 𝑊̇𝑐 is the total power required by the compressor, kW. 𝑇1 is the absolute inlet
temperature, K. 𝑠1 and 𝑠2 are the inlet and outlet specific entropies of air, kJ/kgK. ℎ1

and ℎ2 are the inlet and outlet enthalpies of air, kJ/kg. 𝜂𝐶 is the dimensionless isoentropy
efficiency of compressor. The previous equation (Eq. 3.48) is obtained by applying the First
Law of Thermodynamics [47] to compressor control volume, where the heat rejected in order
to obtain an isothermal process is taken as the absolute temperature and entropy difference
product. In practice, it is difficult to achieve an isothermal compression process, so the
expression is divided by the isentropic efficiency of the compressor. For the optimization
procedure, this efficiency is considered to vary in 17 % respect to the assumed value given
in Table 3.1. Additionally, for the economic analysis, the global efficiency of the cycles is
regarded to vary ±50 %.

The cryogenic pump is used to supply the liquid air through out the second cooling
circuit and the expansion section (process 15-16 in Fig. 3.4 and process 17-18 in Figs. 3.3
and 3.5). The power required by the pump is calculated by Eq. 3.49.

−𝑊̇𝑝

𝑚̇𝑝

= 𝑣𝑙(𝑃𝑑 − 𝑃𝑖)103

𝜂𝑃

= (ℎ𝑑 − ℎ𝑖) (3.49)

Where 𝑊̇𝑝 is the total power required by the pump, kW. 𝑣𝑙 is the specific volume of
saturated liquid at the inlet of the pump, 𝑚3/𝑘𝑔. 𝑃𝑑 and 𝑃𝑖 are the discharge and suction
pressures respectively, MPa. ℎ𝑑 and ℎ𝑖 are the discharge of the real process and inlet
enthalpies of liquid air, kJ/kg. 𝜂𝑃 is the dimensionless isentropic efficiency of the pump.

3.3.8 Power production.

The power generation by the two sections expansion turbine from power circuit 1
(Figs. 3.3 and 3.5) is expressed by Eq. 3.50.

𝑊̇𝑡1 = 𝛼𝑚̇𝑐[(ℎ13 − ℎ14𝑠) + (ℎ15 − ℎ16𝑠)]𝜂𝑇 (3.50)

In a similar way, the single expansion turbine located in the liquefaction section
(Fig. 3.4 for operation mode A) is modelled by Eq. 3.51.

𝑊̇𝑡1 = 𝛼𝑚̇𝑐[(ℎ13 − ℎ14𝑠)]𝜂𝑇 (3.51)

In the case of the cryogenic hydraulic turbine (Figs. 3.4 and 3.5), which substitutes
the expansion valve, the power generation is calculated by Eq. 3.52.
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𝑊̇𝑡2 = (1 − 𝛼)𝑚̇𝑐[(ℎ6 − ℎ7𝑠)]𝜂𝑇 (3.52)

The power produced by the four sections expansion turbine from Fig. 3.4 is
determined by Eq. 3.53 whilst for Figs. 3.3 and 3.5 the Eq. 3.54 is applied.

𝑊̇𝑡3 = 𝑚̇𝑝[(ℎ21 − ℎ22𝑠) + (ℎ23 − ℎ24𝑠) + (ℎ25 − ℎ26𝑠) + (ℎ27 − ℎ28𝑠)]𝜂𝑇 (3.53)

𝑊̇𝑡3 = 𝑚̇𝑝[(ℎ23 − ℎ24𝑠) + (ℎ25 − ℎ26𝑠) + (ℎ27 − ℎ28𝑠) + (ℎ29 − ℎ30𝑠)]𝜂𝑇 (3.54)

3.3.9 Exergy analysis.

The main purposes of the exergy analysis are to find out the causes of the ir-
reversibilities, quantitatively estimate them and locate the subsystems with the worst
thermodynamic performance. This powerful tool, used in the evaluation and design of
thermal systems, shows the way to a better understanding of the transformation processes
and can also be used to determine the most suitable solution in order to improve the
performance of the CES systems.

The exergy analysis is carried out in order to evaluate the exergy efficiency of
each component of the CES systems and also for the plant. This study provides relevant
information about the CES’s thermodynamic behaviour during charging and discharging
regimes by means of the exergy destruction calculation. Exergy can be understood as the
amount of work obtainable when a substance is brought to the state of thermodynamic
equilibrium with the surroundings through reversible processes where the interaction,
for instance, heat transfer, mass transfer, magnetic energy transfer and other forms of
interactions occur only with the environment [183]. The rate of exergy through a control
volume operating in transient regime is obtained and expressed by Eq. 3.55 [184, 185, 44].

𝑑𝐸𝑐𝑣

𝑑𝑡
=

𝑛∑︁
𝑖=1

(︂
1 − 𝑇0

𝑇𝑖

)︂
𝑄̇𝑖 −

(︃
𝑊̇𝑐𝑣 − 𝑝0

𝑑𝑉𝑐𝑣

𝑑𝑡

)︃
+

𝑛∑︁
𝑖=1

(𝑚̇𝑖𝑒𝑥𝑖)𝑖𝑛 −
𝑛∑︁

𝑖=1
(𝑚̇𝑖𝑒𝑥𝑖)𝑜𝑢𝑡 − 𝐸̇𝑥𝐷 (3.55)

The second term of the right hand side represents the useful work, and it is
defined as the difference between the work done by the system and the work done by the
environment at pressure 𝑝0, assuming that the boundary of the system can be expanded
or contracted. Next, the third and fourth terms represent the rate of exergy entering and
leaving the control volume and the last one, the exergy destruction or irreversibility. For
every component of the CES systems, the exergy destruction at steady state condition
can be expressed in a general form as:
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𝐸̇𝑥𝐷 =
𝑛∑︁

𝑖=1

(︂
1 − 𝑇0

𝑇𝑖

)︂
𝑄̇𝑖 −

(︃
𝑊̇𝑐𝑣 − 𝑝0

𝑑𝑉𝑐𝑣

𝑑𝑡

)︃
+

𝑛∑︁
𝑖=1

(𝑚̇𝑖𝑒𝑥𝑖)𝑖𝑛 −
𝑛∑︁

𝑖=1
(𝑚̇𝑖𝑒𝑥𝑖)𝑜𝑢𝑡 (3.56)

The liquefaction section for the CES systems is mainly composed by heat exchangers
(Figs. 3.3, 3.4 and 3.5). For these subsystems the main sources of irreversibility is caused
by the temperature difference between the fluids, heat transfer to the surrounding and
pressure drop. Neglecting the last cause of exergy destruction and considering the fact
that exergy loss direction is opposite to heat transfer direction, the mathematical equation
for the rate of exergy destruction at the heat exchanger control volume, for steady state
condition, is expressed by Eq. 3.57.

𝐸̇𝑥𝐷 =
𝑛∑︁

𝑖=1

(︂
𝑇0

𝑇𝑖

− 1
)︂

𝑄̇𝑖 +
𝑛∑︁

𝑖=1
(𝑚̇𝑖𝑒𝑥𝑖)𝑖𝑛 −

𝑛∑︁
𝑖=1

(𝑚̇𝑖𝑒𝑥𝑖)𝑜𝑢𝑡 (3.57)

Considering that the cryogenic tank has an excellent insulating material, the exergy
loss by heat transfer with the surrounding can be neglected and the viscous effect of the
liquid air and the internal surface of the cryogenic tank is assumed inappreciable. Then,
the only source of irreversibility generation is the phase separation process. As the phase
separation (L-g, Fig. 3.13) occurs due to the effect of the force of gravity, the cryogenic
tank control volume is considered free of exergy destruction. Applying the Eq. 3.55 to the
cryogenic tank control volume the rate of exergy stored can be expressed by Eq. 3.58.

𝑑𝐸𝑥

𝑑𝑡
=

𝑛∑︁
𝑖=1

(𝑚̇𝑖𝑒𝑥𝑖)𝑖𝑛 −
𝑛∑︁

𝑖=1
(𝑚̇𝑖𝑒𝑥𝑖)𝑜𝑢𝑡 (3.58)

By substituting the corresponding terms in the previous equation, the final expres-
sion for modeling the rate of exergy stored in the cryogenic tank for transient regime is
given by Eq. 3.59.

𝑑𝐸𝑥

𝑑𝑡
= [(1 − 𝛼)𝑦𝑚̇𝑐(𝑡) − 𝑚̇𝑝(𝑡)](𝑒𝑥𝑙 − 𝜌𝑔𝑣𝑙𝑒𝑥𝑔) (3.59)

Exergy can be divided into four components: physical, chemical, kinetic and
potential [176]. Therefore, the general expression to obtain the exergy of a stream is given
by Eq. 3.60.

𝐸̇𝑥𝑖 = 𝐸̇𝑝ℎ
𝑥 + 𝐸̇𝑐ℎ

𝑥 + 𝐸̇𝑘
𝑥 + 𝐸̇𝑝

𝑥 (3.60)

The latter two terms are assumed negligible in this study, since changes in elevation
and velocity are very small. Since there is not change in chemical composition and chemical
reactions in the cryogenic working fluids do not exist, the chemical exergy can be also
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neglected. Therefore, the physical exergy, defined as the work obtainable by taking the
working fluid through reversible physical processes from a initial state of pressure P
and temperature T, to the state determined by pressure 𝑃0 and temperature 𝑇0 of the
surroundings[183, 186] is expressed by Eq. 3.61 [176, 187, 182].

𝐸̇𝑥𝑖 = 𝑚̇𝑖 [(ℎ𝑖 − ℎ0) − 𝑇0(𝑠𝑖 − 𝑠0)] = 𝑚̇𝑖 [(𝑢𝑖 − 𝑢0) + (𝑃𝑖𝜐𝑖 − 𝑃0𝜐0) − 𝑇0(𝑠𝑖 − 𝑠0)] (3.61)

Where, 𝑚̇𝑖 is the mass flow rate of stream ith, kg/s. ℎ𝑖 and 𝑠𝑖 are the specific enthalpy
and entropy of the i-th stream, kJ/kg and kJ/kgK, respectively. 𝑢𝑖 and 𝜐𝑖 are the specific
internal energy and specific volume of the stream ith, kJ/kg and 𝑚3/𝑘𝑔. ℎ0 and 𝑠0 are the
same properties of the working fluid at the surroundings condition (reference level). For
the study the reference level is adopted at 𝑇0 = 298.15 𝐾 and 𝑝0 = 101.325 𝑘𝑃𝑎.

The exergy efficiency and exergy destruction of every subsystem are obtained
applying the "Fuel" and "Product" rules [188, 176, 8, 182]. The Tables 3.3 and 3.4 define
the "Fuel" and "Product" for each component of the CES systems for charging and
discharging regimes, respectively.

The most typical irreversibilities associated with thermal systems are irreversible
heat transfer, diffusion, friction and throttling. The rate of exergy loss (𝐸̇𝑥𝐿) must be
understood as the available exergy from a stream or the exergy related with a heat flow
that is wasted or rejected to the environment. Table B.1 summarizes the exergy destruction
equation for every component of the CES systems. The exergy balance equation for the
overall CES system can be expressed by Eq. 3.62.

𝐸̇𝑥𝐹,𝑡 = 𝐸̇𝑥𝑃,𝑡 + 𝐸̇𝑥𝐷,𝑡 + 𝐸̇𝑥𝐿,𝑡 (3.62)

Where, 𝐸̇𝑥𝐹,𝑡 is the exergy rate input to the CES system, 𝐸̇𝑥𝑃,𝑡 is the product exergy of
the system, 𝐸̇𝑥𝐷,𝑡 is the total exergy destruction of the system and 𝐸̇𝑥𝐿,𝑡 is the rate of
exergy loss in the system.

For the exergy evaluation of the CES systems the concepts of exergy efficiency and
the exergy destruction ratio of each sub-component are applied. The exergy efficiency of a
subsystem can be written as:

𝜂𝑒𝑥𝑒,𝑘 = 𝐸̇𝑥𝑃,𝑘

𝐸̇𝑥𝐹,𝑘

= 1 − 𝐸̇𝑥𝐷,𝑘

𝐸̇𝑥𝐹,𝑘

(3.63)

The exergy destruction ratio compares the exergy destruction of a component with
respect to the total exergy of fuel of the overall CES system and it is given by Eq. 3.64,
which is a measure of the inefficiency of a system component [12].
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Table 3.3 – Designation of exergy of Fuel (𝐸̇𝑥𝐹 ) and exergy of Product (𝐸̇𝑥𝑃 ) of the CES
systems for charging regime.

Components Fuel (kW) Product (kW)

Compressor 𝑊̇𝑐 (𝐸̇2 − 𝐸̇1)

Heat exchanger 1 𝑚̇𝑖𝑛𝑇0(𝑠12−𝑠11)−𝑚̇ℎ(ℎ3−ℎ2)+𝑚̇𝑐𝑇0(𝑠21−
𝑠20) + (1 − 𝜀1)

(︁
𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,1

𝑚̇ℎ𝑇0(𝑠3 −𝑠2)−𝑚̇𝑖𝑛(ℎ12 −ℎ11)−
𝑚̇𝑐(ℎ21 − ℎ20)

Heat exchanger 2 𝑚̇𝑖𝑛𝑇0(𝑠11−𝑠10)−𝑚̇ℎ(ℎ5−ℎ4)+𝑚̇𝑐𝑇0(𝑠20−
𝑠19) + (1 − 𝜀2)

(︁
𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,2

𝑚̇ℎ𝑇0(𝑠5 −𝑠4)−𝑚̇𝑖𝑛(ℎ11 −ℎ10)−
𝑚̇𝑐(ℎ20 − ℎ19)

Heat exchanger 3 𝑚̇𝑖𝑛𝑇0(𝑠9 −𝑠8)−𝑚̇ℎ(ℎ6 −ℎ5)+𝑚̇𝑐𝑇0(𝑠19 −
𝑠18) + (1 − 𝜀3)

(︁
𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,3

𝑚̇ℎ𝑇0(𝑠6 − 𝑠5) − 𝑚̇𝑖𝑛(ℎ9 − ℎ8) −
𝑚̇𝑐(ℎ19 − ℎ18)

Turbine 1 (𝐸̇13 − 𝐸̇14) + (𝐸̇15 − 𝐸̇16) 𝑊̇𝑡1

Turbine 2 (𝐸̇6 − 𝐸̇7) 𝑊̇𝑡2

Turbine 3 (𝐸̇23 − 𝐸̇24) + (𝐸̇25 − 𝐸̇26) + (𝐸̇27 − 𝐸̇28) +
(𝐸̇29 − 𝐸̇30)

𝑊̇𝑡3

Expansion valve (1 − 𝛼)𝑚̇𝑐)[(𝑝7𝜐7 − 𝑝6𝜐6) − 𝑇0(𝑠7 − 𝑠6)] (1 − 𝛼)𝑚̇𝑐(𝑢7 − 𝑢6)

Cryogenic pump 𝑊̇𝑃 (𝐸̇18 − 𝐸̇17)

Evaporator (𝐸̇22 − 𝐸̇21) + (𝐸̇31 − 𝐸̇30)
(︁

𝑇0
𝑇𝑤

− 1
)︁

𝑄̇𝐸

Heater 1
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻1 (𝐸̇23 − 𝐸̇22)

Heater 2
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻2 (𝐸̇25 − 𝐸̇24)

Heater 3
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻3 (𝐸̇27 − 𝐸̇26)

Heater 4
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻4 (𝐸̇29 − 𝐸̇28)

Heater 5
(︁

𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝐻5 (𝐸̇15 − 𝐸̇14)

𝑦𝐷,𝑘 = 𝐸̇𝑥𝐷,𝑘

𝐸̇𝑥𝐹,𝑡

(3.64)

The subsystem exergy destruction can be also compared with respect to the total
exergy destruction of the overall plant. This ratio can be expressed by Eq. 3.65 and it is a
useful indicator to compare the components of a system.

𝑦*
𝐷,𝑘 = 𝐸̇𝑥𝐷,𝑘

𝐸̇𝑥𝐷,𝑡

(3.65)

The exergy efficiency for charging and discharging regimes are estimated by Eqs. 3.66
and 3.67, respectively. For charging regime is the ratio between the exergy stored in the
cryogenic tank and the overall net rate of exergy used in the cycle. Whereas for the
discharging process is the ratio between the net rate of work exergy produced by the cycle
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Table 3.4 – Designation of exergy of Fuel (𝐸̇𝑥𝐹 ) and exergy of Product (𝐸̇𝑥𝑃 ) of the CES
systems for discharging regime.

Components Fuel (kW) Product (kW)

Compressor 𝑊̇𝑐 (𝐸̇2 − 𝐸̇1)

Heat exchanger 1 𝑚̇𝑖𝑛𝑇0(𝑠12 − 𝑠11) − 𝑚̇ℎ(ℎ3 − ℎ2) + (1 −
𝜀1)
(︁

𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,1

𝑚̇ℎ𝑇0(𝑠3 − 𝑠2) − 𝑚̇𝑖𝑛(ℎ12 − ℎ11)

Heat exchanger 2 𝑚̇𝑖𝑛𝑇0(𝑠11 − 𝑠10) − 𝑚̇ℎ(ℎ5 − ℎ4) + (1 −
𝜀2)
(︁

𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,2

𝑚̇ℎ𝑇0(𝑠5 − 𝑠4) − 𝑚̇𝑖𝑛(ℎ11 − ℎ10)

Heat exchanger 3 𝑚̇𝑖𝑛𝑇0(𝑠9 −𝑠8)−𝑚̇ℎ(ℎ6 −ℎ5)+𝑚̇𝑐𝑇0(𝑠19 −
𝑠18) + (1 − 𝜀3)

(︁
𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝑎,3

𝑚̇ℎ𝑇0(𝑠6 − 𝑠5) − 𝑚̇𝑖𝑛(ℎ9 − ℎ8) −
𝑚̇𝑐(ℎ19 − ℎ18)

Turbine 1 (𝐸̇13 − 𝐸̇14) + (𝐸̇15 − 𝐸̇16) 𝑊̇𝑡1

Turbine 2 (𝐸̇6 − 𝐸̇7) 𝑊̇𝑡2

Turbine 3 (𝐸̇23 − 𝐸̇24) + (𝐸̇25 − 𝐸̇26) + (𝐸̇27 − 𝐸̇28) +
(𝐸̇29 − 𝐸̇30)

𝑊̇𝑡3

Expansion valve (1 − 𝛼)𝑚̇𝑐)[(𝑝7𝜐7 − 𝑝6𝜐6) − 𝑇0(𝑠7 − 𝑠6)] (1 − 𝛼)𝑚̇𝑐(𝑢7 − 𝑢6)

Cryogenic pump 𝑊̇𝑃 (𝐸̇18 − 𝐸̇17)

Evaporator (𝐸̇22 − 𝐸̇21) + (𝐸̇31 − 𝐸̇30)
(︁

𝑇0
𝑇𝑤

− 1
)︁

𝑄̇𝐸

Heater 1
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻1 (𝐸̇23 − 𝐸̇22)

Heater 2
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻2 (𝐸̇25 − 𝐸̇24)

Heater 3
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻3 (𝐸̇27 − 𝐸̇26)

Heater 4
(︁

1 − 𝑇0
𝑇𝑟

)︁
𝑄̇𝐻4 (𝐸̇29 − 𝐸̇28)

Heater 5
(︁

𝑇0
𝑇𝑚

− 1
)︁

𝑄̇𝐻5 (𝐸̇15 − 𝐸̇14)

and the sum of the stored exergy at the cryogenic tank and the exergy of heat employed
in the heaters.

𝜂𝑐ℎ
𝑒𝑥𝑒 =

𝑑𝐸𝑥

𝑑𝑡

𝑊̇𝑐 + 𝑊̇𝑝 − 𝑊̇𝑡1 − 𝑊̇𝑡2 − 𝑊̇𝑡3 +
𝑛∑︀

𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

(3.66)

𝜂𝑑𝑖𝑠
𝑒𝑥𝑒 = 𝑊̇𝑡1 + 𝑊̇𝑡2 + 𝑊̇𝑡3 − 𝑊̇𝑐 − 𝑊̇𝑝

𝑚̇𝑝 [(ℎ17 − ℎ0) − 𝑇0(𝑠17 − 𝑠0)] +
𝑛∑︀

𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

(3.67)

3.3.10 Cycle performance indexes and indicators.

The net specific exergy consumption (𝑘𝑊ℎ/𝑘𝑔𝐿) is calculated by Eq. 3.68. It
represents the exergy required to produce the unit of liquid or to liquefy a 𝑘𝑔 of air
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𝑒𝑁 =
∫︀Δ𝜏𝑐ℎ

0 (𝑊̇𝑐 + 𝑊̇𝑝 − 𝑊̇𝑡1 − 𝑊̇𝑡2 − 𝑊̇𝑡3)𝑑𝑡∫︀Δ𝜏𝑐ℎ
0 [(1 − 𝛼)𝑦𝑚̇𝑐] 𝑑𝑡

(3.68)

Exergy density (𝑘𝑊ℎ/𝑚3) is an useful and important indicator that states the net
exergy generated during discharging regime per unit volume of the cryogenic tank.

𝐸𝐷 =
∫︀Δ𝜏𝑑𝑖𝑠

0 (𝑊̇𝑡1 + 𝑊̇𝑡2 + 𝑊̇𝑡3 − 𝑊̇𝑐 − 𝑊̇𝑝)𝑑𝑡

𝑉𝑡

(3.69)

The round trip efficiency is one of the most important indexes to evaluate the
performance of electricity storage technologies. It is defined as the ratio of the net electrical
energy output in the discharging cycle to the net electrical energy input in the charging
cycle [76, 189, 190].

𝜂𝑟𝑡 = 𝐸𝑑𝑖𝑠
𝑛

𝐸𝑐ℎ
𝑛

=

∫︀Δ𝜏𝑑𝑖𝑠
0

[︂
(𝑊̇𝑡1 + 𝑊̇𝑡2 + 𝑊̇𝑡3 − 𝑊̇𝑐 − 𝑊̇𝑝) −

𝑛∑︀
𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

]︂
𝑑𝑡

∫︀Δ𝜏𝑐ℎ
0

[︂
(𝑊̇𝑐 + 𝑊̇𝑝 − 𝑊̇𝑡1 − 𝑊̇𝑡2 − 𝑊̇𝑡3) +

𝑛∑︀
𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

]︂
𝑑𝑡

(3.70)

3.3.11 Cycle based on combined cooling and power.

The efficiency of the Second Law of Thermodynamics to evaluate the performance
of the CES system is the exergy utilization factor (𝐸𝑥𝑈𝐹 ). It is expressed by the ratio
between the overall useful exergy generated in the form of power and thermal energy
(cooling and/or heat) and the total input exergy. For charging process the input exergies are
the compressor and pump powers and the amount supplied by heaters, whilst the output
exergies are represented by the power of turbines, cooling load at the evaporator and the
exergy stored in the cryogenic tank. During discharging regime, the input exergies are
given by the sum of the exergy rate leaving from the cryogenic tank and the heaters exergy,
while the output exergies are the net power and the cooling load exergy. Eqs. 3.71 and
3.72 state the exergy utilization factor for charging and discharging regimes, respectively.

𝐸𝑥𝑈𝐹 𝑐ℎ =

𝑛∑︀
𝑖=1

𝑊̇𝑡𝑖 + 𝐸̇𝑥𝑄 + 𝑑𝐸𝑥

𝑑𝑡

𝑊̇𝑐 + 𝑊̇𝑝 +
𝑛∑︀

𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

(3.71)

𝐸𝑥𝑈𝐹 𝑑𝑖𝑠 =

𝑛∑︀
𝑖=1

𝑊̇𝑡𝑖 + 𝐸̇𝑥𝑄 − 𝑊̇𝑐 − 𝑊̇𝑝

𝑚̇𝑝𝑒𝑥17 +
𝑛∑︀

𝑖=1

(︁
1 − 𝑇0

𝑇𝑖

)︁
𝑄̇𝐻𝑖

(3.72)
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Another important index for cogeneration plants is the ratio between electric and
thermal (cooling) power [191], for discharging regime is given by:

𝜆 = 𝑊̇𝑡1 + 𝑊̇𝑡2 + 𝑊̇𝑡3 − 𝑊̇𝑐 − 𝑊̇𝑝

𝐸̇𝑥𝑄

(3.73)

Using the previous index, the electrical and thermal efficiency are defined by
Eqs. 3.74 and 3.75, respectively [191, 192].

𝜂𝑒𝑙 = 𝐸𝑥𝑈𝐹

(︃
𝜆

1 + 𝜆

)︃
(3.74)

𝜂𝑡ℎ = 𝐸𝑥𝑈𝐹
(︂ 1

1 + 𝜆

)︂
(3.75)

For one operation cycle, the round-trip efficiency, considering cogeneration regime
(Eq. 3.78), can be stated as the ratio between both net electrical and thermal energy
produced (Eq. 3.76) to the net consumed (Eq. 3.77), that is:

𝐸𝑐𝑜𝑔
𝑑𝑖𝑠 =

∫︁ Δ𝜏𝑑𝑖𝑠

0
(𝑊̇𝑡1 + 𝑊̇𝑡2 + 𝑊̇𝑡3 − 𝑊̇𝑐 − 𝑊̇𝑝)𝑑𝑡 +

∫︁ Δ𝜏𝑑𝑖𝑠

0

[︂(︂
𝑇0

𝑇𝑤

− 1
)︂

𝑄̇𝐸

]︂
𝑑𝑡

−
∫︁ Δ𝜏𝑑𝑖𝑠

0

[︃
𝑛∑︁

𝑖=1

(︂
1 − 𝑇0

𝑇𝑖

)︂
𝑄̇𝐻𝑖

]︃
𝑑𝑡

(3.76)

𝐸𝑐𝑜𝑔
𝑐ℎ =

∫︁ Δ𝜏𝑐ℎ

0
(𝑊̇𝑐 + 𝑊̇𝑝 − 𝑊̇𝑡1 − 𝑊̇𝑡2 − 𝑊̇𝑡3)𝑑𝑡 +

∫︁ Δ𝜏𝑐ℎ

0

[︃
𝑛∑︁

𝑖=1

(︂
1 − 𝑇0

𝑇𝑖

)︂
𝑄̇𝐻𝑖

]︃
𝑑𝑡

−
∫︁ Δ𝜏𝑐ℎ

0

[︂(︂
𝑇0

𝑇𝑤

− 1
)︂

𝑄̇𝐸

]︂
𝑑𝑡

(3.77)

𝜂𝑐𝑜𝑔
𝑟𝑡 = 𝐸𝑐𝑜𝑔

𝑑𝑖𝑠

𝐸𝑐𝑜𝑔
𝑐ℎ

(3.78)

3.3.12 Multi-objective optimization procedure.

Liquefaction of air is considered as an energy-intensive process. Several parameters,
such as the compressor pressure (𝑃𝑐), effectiveness of the heat exchangers (𝜀), diverted
air mass fraction (𝛼), equipment efficiencies (𝜂𝑘) and air mass flow rate (𝑚̇𝑐) affect the
process performance, specifically, indicators like specific liquid yield (𝑦) and specific
exergy consumption (𝑒𝑛). Likewise, during energy recovery, pump pressure (𝑃𝑝), reheat
temperature (𝑇𝑟) and liquid air mass flow rate (𝑚̇𝑝) have a direct influence on energy
production, electrical efficiency (𝜂𝑒𝑙), exergy utilization factor (𝐸𝑥𝑈𝐹 ) and round-trip
efficiency (𝜂𝑟𝑡). Thermodynamic optimization is performed by genetic algorithm (GA)
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method using EES software for charging and discharging regimes. The GA method is
suitable for solving multi-objective optimization problems and is based on evolutionary
techniques that simulate biology processes [193, 194]. The Darwing theory, about survival
of fittest principle, supports the base of genetic algorithm [195].

The optimization process begins with a random selection of a population of indi-
viduals from the specified constraints of the independent variables [196]. Moreover, the
fitness (value of the objective function) of each individual of the population is evaluated
[197]. Then several individuals are selected from the actual population according to their
fitness to form the new generation. Those selected individuals make up the new popula-
tion with a better association respect to the objective functions [198, 199]. An iterative
process is executed continuously until the algorithm tends up to the desired optimal value
[200]. Generally, the multi-objective optimization method involves two or more objective
functions [201, 202]. The selected objective functions to be maximized are specific liquid
yield (Eq. 3.32), exergy efficiency (Eqs. 3.66 and 3.67), exergy density (Eq. 3.69), exergy
utilization factor (Eqs. 3.71 and 3.72), electrical efficiency (Eq. 3.74) and round-trip
efficiency (Eq. 3.70 and 3.78). To find the maximum round-trip efficiency, the maximum
values of electricity generation for discharging regime and the minimum values of electricity
consumption during charging are obtained. In addition, for the cogeneration regime, the
maximum cooling load for charging and discharging regimes are also determined. Whereas,
specific exergy consumption (Eq. 3.68) that involves minimization of this indicator is
transformed into a maximization problem of 𝐸𝑖 = 1/(1 + 𝑒𝑛𝑖), where the minimum of
𝑒𝑛𝑖 tends to be the maximum of 𝐸𝑖 [193]. Similar procedure is applied for the electricity
consumption during charging regime. The decision variables are chosen from the sensitivity
analysis, considering their significant influence on the performance of the CES systems.

The genetic algorithm method is selected from the dialog box of EES software and
the number of individuals, generations, crossover and mutation probability are respectively
chosen as 100, 100, 0.85 and 0.01 [18, 203, 204]. The genetic algorithm routine takes between
15 and 18 minutes to rin in EES. The flow chart for the multi-objective optimization
procedure is illustrated in Fig. 3.14. The decision variables and constrains to be satisfied,
selected according to the simulation results, are also summarized in Fig. 3.14. Furthermore,
four options of optimization for both charging and discharging regimes are applied by
selecting, respectively, cryogenic tank capacity of 50, 100, 150 and 200 t.

3.4 Economic analysis.
Additionally to the technical evaluation of the thermal engineering systems, the

economic analysis represents the completion of the design project, because from its results,
the feasibility and main decisions for investments can be established. In order to evaluate
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Optimum

Start

Input:

T, P, ṁ, 𝛼, 𝜀, T𝑟, η

Objective functions:

Maximize: y, ED, ExUF, ηrt

Eqs.(3.32, 3.66, 3.67, 3.69 ‒ 3.72, 3.78)

Minimize: en, Eq.(3.68)

Genetic algorithm: 

(EES)

If:

(y, ηrt, ExUF, ED) =Max

en=Min

Yes

No

Decision variables

Constraints

End

1.2 𝑀𝑃𝑎 ≤ 𝑃𝑐 ≤ 6. 0𝑀𝑃𝑎
0.40 ≤ 𝛼 ≤ 0.85
0.800 ≤ 𝜀 ≤ 0.985

𝑃𝑐𝑜 =0.85

𝑃𝑚 =0.01

12.0 𝑀𝑃𝑎 ≤ 𝑃𝑝 ≤ 40.0 𝑀𝑃𝑎
0.70 ≤ η𝐶 ≤ 0.87
0.80 ≤ η𝑇 ≤ 0.90
0.70 ≤ η𝑃 ≤ 0.78

300 𝐾 ≤ T𝑟 ≤ 600 𝐾

6.0 𝑘𝑔/𝑠 ≤ ሶ𝑚𝑐 ≤ 150.0 𝑘𝑔/𝑠
0.20 𝑘𝑔/𝑠 ≤ ሶ𝑚𝑝 ≤ 1.10 𝑘𝑔/𝑠

Charging Discharging

0.1 𝑘𝑔/𝑠 ≤ ሶ𝑚𝑐 ≤ 0.4 𝑘𝑔/𝑠
1.0 𝑘𝑔/𝑠 ≤ ሶ𝑚𝑝 ≤ 50.0 𝑘𝑔/𝑠

Figure 3.14 – Procedure of the optimization algorithm.

the economic feasibility of the proposed CES cogeneration plant, a life-cost analysis is
accomplished by using methods based on rational criteria. Net present value (NPV),
Internal rate of return (IRR), Payback period (PBP), Benefit cost ratio (B/C), and
Levelized product costs methods are introduced in this study in order to compare the
economic performance of the proposed CES systems.
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Table 3.5 – Capital cost equations of the CES system equipment, ($USD).

Components Functions Reference

Compressor 𝑍𝑘,𝑐 =
(︁

39.5𝑚̇𝑐

0.9−𝜂𝑐

)︁(︁
𝑃2
𝑃1

)︁
𝑙𝑛
(︁

𝑃2
𝑃1

)︁
[76]

Heat exchangers 𝑍𝑘,ℎ𝑒 = 130
(︀

𝐴𝐻𝐸

0.093
)︀0.78 [76]

Turbines 𝑍𝑘,𝑡 = 6000
(︁

𝑊𝑡

𝜂𝑡

)︁0.7
+ 60𝑊 0.95

𝑡 [94]

Storage tank 𝑍𝑘,𝑠𝑡 = 4042𝑉 0.506
𝑇 [76]

Cryogenic pump 𝑍𝑘,𝑝 = 3540𝑊̇ 0.71
𝑃 [76]

Evaporator 𝑍𝑘,𝑒 = 130
(︀

𝐴𝐸

0.093
)︀0.78 [76]

Heaters 𝑍𝑘,ℎ = 130
(︀

𝐴𝐻

0.093
)︀0.78 [76]

Distillation column 𝑍𝑘,𝑑 = 𝑍𝑣 + 𝑍𝑡 [40]

𝑍𝑣 = 1780(𝑙)0.87(𝑑)1.23[2.86 + 1.694𝐹𝑀 (10.01 − 7.408𝑙𝑛𝑃 +
1.395(𝑙𝑛𝑃 )2)]

𝐿 - Length of the column, 𝑑 - Diameter of the column

𝐹𝑀 - Material factor, 𝑃 - Column mean pressure

𝑍𝑡 = (193.04 + 22.72(𝑑) + 60.38(𝑑)2)[(𝐹𝐵𝑀 )(𝑁𝑎𝑐𝑡)(𝑓𝑞)]

𝐹𝐵𝑀 =Bare-Module factor, 𝑁𝑎𝑐𝑡 - Actual number of trays

𝑓𝑞 - Quantity factor

3.4.1 Capital investment.

The total capital investment is established as the capital required to purchase and
install the equipment, including also other costs. Table 3.5 presents the main mathematical
functions to calculate the equipment cost along with its reference.

Every cost of the equipment must be modified to the cost index of 2021. That
is, cost functions from Table 3.5 should be modified to the actual cost year. The cost
indexes used in this study to update the cost function values are based on the Chemical
Engineering Plant Cost Index (CEPCI) [205]. The Eq. 3.79 is applied to update the
equipment costs [206, 40, 122].

𝑍̇𝑘,𝑛 = 𝑍̇𝑘,𝑟

(︃
𝐼𝑘,𝑛

𝐼𝑘,𝑟

)︃
(3.79)

Where, 𝑍̇𝑘,𝑛 and 𝑍̇𝑘,𝑟 are the new updated cost rate and cost rate at the reference year
expressed in $USD. 𝐼𝑘,𝑛 and 𝐼𝑘,𝑟 are the cost indexes at new and reference year, respectively.
The CEPCI from February 2021 is set at 7.2 % higher than the corresponding figure from
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Table 3.6 – Main cost elements for the CES systems ($USD) [12].

Cost item Functions

1. Fixed capital investment (FCI)

Purchased equipment cost (PEC)
∑︀

𝑍𝑘

Total direct cost (DC)

Equipment installation 20 % of PEC

Piping 10 % of PEC

Instrumentation and control 6 % of PEC

Land 5 % of PEC

Civil, structural & architectural work 15 % of PEC

Service facilities 30 % of PEC

Total indirect cost (IC)

Engineering & supervision 4 % of DC

Construction cost 15 % of DC

Contingencies 8 % of above sum

2. Other outlays (OL)

Startup costs 5 % of FCI

Working capital 10 % of FCI

Cost of licensing, research & development 2 % of FCI

3. Total capital investment (TCI) FCI+OL

2020, then CEPCI=639.1 for present year, knowing that for 2020 was set at 596.2 [205].

Table 3.6 describes the methodology used in this study to calculate the total
capital investment for each alternative of CES system (operation mode). The fixed capital
investment (FCI) is the sum of the updated equipment cost (PEC), and the direct (DC)
and indirect (IC) costs. The direct cost elements are obtained by employing the purchased
equipment cost (PEC) as a base of calculation. While the indirect cost uses the direct cost
as a calculation basis. The total capital investment (TCI) is obtained as the sum of FCI
and other outlays (OL).

3.4.2 Cash flow or annual revenue.

For each alternative, the net cash inflow (𝐶𝐹𝑛) is estimated as the amount of
income acquired through selling the electricity and cooling load minus the operation and
maintenance cost, charging electricity cost and the heat cost for air reheating. Eventually,
the selling of a percentage of liquid air or nitrogen and oxygen can be another option of
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income for every alternative if the use of cryogenic generators in small scale [15] become
popular in the domestic market, and also considering the increasing demand of nitrogen
and oxygen [165]. For this, the electricity generation and the cooling load for the external
user are reduced, but the total income can be increased, improving the profitability of the
CES systems. This option requires and additional investment, such as, air separation unit
and auxiliaries [207, 208, 209]. In this study, it is considered to commercialize 20 % of
the liquid air production (𝑁2 and 𝑂2) in order to evaluate the economic feasibility of the
three CES system alternatives. The cash inflows and outflows are respectively calculated
by Eqs. 3.80 and 3.81. The annual net cash inflow is given by Eq. 3.82.

𝐶𝐹 𝑖𝑛 =
(︁
𝑊̇ 𝑑𝑖𝑠

𝑛 Δ𝜏𝑑𝑖𝑠𝐸𝑇 𝑃 + 𝑄̇𝐸Δ𝜏𝑛𝑒𝐶𝐶 + 𝑀𝑙𝐶𝐿

)︁
𝑐𝑑365 (3.80)

𝐶𝐹 𝑜𝑢𝑡 =
(︁
𝑊̇ 𝑐ℎ

𝑛 Δ𝜏𝑐ℎ𝐸𝑇 𝑂 + 𝑄̇𝐻Δ𝜏𝑛ℎ𝐶𝐻

)︁
𝑐𝑑365 + 𝑂𝑀 (3.81)

𝐶𝐹 𝑛 = 𝐶𝐹 𝑖𝑛 − 𝐶𝐹 𝑜𝑢𝑡 (3.82)

where 𝑊̇ 𝑑𝑖𝑠
𝑛 and 𝑊̇ 𝑐ℎ

𝑛 represent the net power per cycle during discharging and charging
processes, respectively; 𝐸𝑇 𝑃 and 𝐸𝑇 𝑂 are respectively the electricity tariff on peak and
off-peak time; 𝑄̇𝐸 and 𝑄̇𝐻 are the rate of cooling load and waste heat for air reheating in
every cycle, respectively; Δ𝜏𝑛 is the total time for cooling load generation (e) and waste
heat consumption (h); 𝐶𝐶 , 𝐶𝐻 and 𝐶𝐿 are the respective prices of cooling, waste heat
and liquid air (or nitrogen and oxygen) whose values are given in Fig. 3.9; 𝑀𝑙 depicts the
amount of liquid air; 𝑐𝑑 is the number of cycle per day; and 𝑂𝑀 is the annual operation
and maintenance costs, which varies from 1.5 % to 3 % of the fixed capital cost [210].It
has been assumed that every alternative operates 365 days in a year.

3.4.3 Net Present Value (NPV).

The NPV is a method frequently used to evaluate investment projects, it considers
the time value of money and the net cash flow during the useful life of the project. The
NPV is calculated with the following equation [211, 12].

𝑁𝑃𝑉 =
𝑛∑︁

𝑘=1

𝐶𝐹𝑘

(1 + 𝑖)𝑘
− 𝑇𝐶𝐼 (3.83)

where 𝐶𝐹𝑘 represents the net cash flow or annual revenue at the end of a generic 𝑘 − 𝑡ℎ

year, 𝑖 is the discount rate (𝑖 = 6 %) and n the span life of project. TCI is the Total
Capital Investment estimated according to Table 3.6. For project selection the NPV must
be positive and among different alternatives, the project with the highest NPV constitutes
the priority.
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3.4.4 Internal Rate of Return (IRR).

The IRR is the discount rate that makes the NPV of a project equal to zero [12].
For the investment to be attractive, the IRR must be greater than the discount rate.

𝑛∑︁
𝑘=1

𝐶𝐹𝑘

(1 + 𝐼𝑅𝑅)𝑘
− 𝑇𝐶𝐼 = 0 (3.84)

3.4.5 Payback Period (PBP).

The PBP represents the time for the project or alternative of CES system to recover
the initial investment (TCI) [163]. When the time value of money is taken into account,
the dynamic payback period can be calculated by Eq. 3.85.

𝑃𝐵𝑃 = 𝑘 + |𝑁𝑃𝑉𝑘|
𝐶𝐹𝑘+1

(3.85)

Where, k is the last year when NPV is negative, |𝑁𝑃𝑉𝑘| is the absolute value at year k,
and 𝐶𝐹𝑘+1 is the cash flow or annual revenue in y ear k+1.

3.4.6 Benefit to cost ratio (B/C).

The B/C ratio is a complement of the NPV method, and it represents the efficiency
of a project [212, 213, 12]. It is desirable that B/C exceeds the unit, that is, the benefits
of the project must be greater than the cost. Therefore, the project or alternative with the
highest B/C must be the preference.

(𝐵/𝐶) =

𝑛∑︀
𝑘=1

𝐶𝐹𝑘

(1+𝑖)𝑘

𝑇𝐶𝐼
(3.86)

3.4.7 Levelized costs of products.

The levelized cost of storage liquid air (LCOL) can be calculated by adapting the
traditional methodology to estimate the levelized cost of electricity (LCOE) [214, 215].
The LCOL for every operation mode is determined by Eq. 3.87, which is the ratio between
the net levelized outlays and the levelized quantity of produced liquid air.

𝐿𝐶𝑂𝐿 =
𝑇𝐶𝐼 +

𝑛∑︀
𝑘=1

𝐸𝐶𝑐ℎ

(1+𝑖)𝑘 +
𝑛∑︀

𝑘=1

𝑂𝑀
(1+𝑖)𝑘 +

𝑛∑︀
𝑘=1

𝐻𝐶𝑐ℎ

(1+𝑖)𝑘 − 𝑆𝑣

(1+𝑖)𝑛

𝑛∑︀
𝑘=1

𝑀𝑙

(1+𝑖)𝑘

(3.87)

where 𝐸𝐶𝑐ℎ is the annual electricity charging costs, it can be deduced from Eq. 3.81 as
𝐸𝐶𝑐ℎ = 𝑊̇ 𝑐ℎ

𝑛 Δ𝜏𝑐ℎ𝐸𝑇 𝑂𝑐𝑑365; 𝐻𝐶𝑐ℎ represents the annual heat costs during charging process,
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𝐻𝐶𝑐ℎ = 𝑄̇𝐻Δ𝜏𝑛ℎ𝐶𝐻𝑐𝑑365; and 𝑀𝑙 is the annual amount of produced liquid air, which is
deduced by the mass balance equation in the cryogenic tank (Eq. 3.26). 𝑆𝑣 represents the
salvage value, which is assumed to be 5 % of TCI.

When it is required to compare several storage technologies with different investment costs
and operation time, the levelized cost of storage results an useful comparison indicator.
LCOS is defined as the levelized expenses (life-cycle cost) divided by the total amount of
produced electricity [216, 217].

𝐿𝐶𝑂𝑆 =
𝑇𝐶𝐼 +

𝑛∑︀
𝑘=1

𝐸𝐶𝑐ℎ

(1+𝑖)𝑘 +
𝑛∑︀

𝑘=1

𝑂𝑀
(1+𝑖)𝑘 +

𝑛∑︀
𝑘=1

𝐻𝐶𝑡

(1+𝑖)𝑘 − 𝑆𝑣

(1+𝑖)𝑛

𝑛∑︀
𝑘=1

𝐸𝑑𝑖𝑠

(1+𝑖)𝑘

(3.88)

where 𝐸𝑑𝑖𝑠 is the annual electricity generation, which can be expressed as: 𝐸𝑑𝑖𝑠 =
𝑊̇ 𝑑𝑖𝑠

𝑛 Δ𝜏𝑑𝑖𝑠𝑐𝑑365; 𝐻𝐶𝑡 depicts the annual total heat cost for air reheating, and is given by:
𝐻𝐶𝑡 = 𝑄̇𝐻Δ𝜏𝑛ℎ𝐶𝐻𝑐𝑑365.

Considering that all alternatives operate in cogeneration regime, the levelized cost
of cogeneration (LCOC) is proposed for comparison among them. LCOC is expressed as
the ratio of the levelized outlays over the sum of the life-time of electricity and cooling
load generation.

𝐿𝐶𝑂𝐶 =
𝑇𝐶𝐼 +

𝑛∑︀
𝑘=1

𝐸𝐶𝑐ℎ

(1+𝑖)𝑘 +
𝑛∑︀

𝑘=1

𝑂𝑀
(1+𝑖)𝑘 +

𝑛∑︀
𝑘=1

𝐻𝐶𝑡

(1+𝑖)𝑘 − 𝑆𝑣

(1+𝑖)𝑛

𝑛∑︀
𝑘=1

𝐸𝑑𝑖𝑠

(1+𝑖)𝑘 +
𝑛∑︀

𝑘=1

𝑄𝐸,𝑎

(1+𝑖)𝑘

(3.89)

where 𝑄𝐸,𝑎 represents the annual cooling load generation, and is expressed as 𝑄𝐸,𝑎 =
𝑄̇𝐸Δ𝜏𝑛𝑒𝑐𝑑365. In general, the levelized cost method can be used to assess the profitability
of the technologies, considering that it provides information about the minimum price of
product (electricity, cooling, heat, others) to break even along the life-time technology
[116].

3.4.8 Uncertainty analysis.

The uncertainty (𝑢𝑌 ) of a certain parameter Y which is a function of independent
variables 𝑋1, 𝑋2, ..., 𝑋𝑛, with a random variability, referred to their uncertainties, that is:

𝑌 = 𝑓(𝑋1, 𝑋2, ..., 𝑋𝑛) (3.90)

can be estimated by Eq. 3.91 [218, 219].

𝑢𝑌 =

⎯⎸⎸⎷(︃ 𝜕𝑌

𝜕𝑋1
𝑢𝑥1

)︃2

+
(︃

𝜕𝑌

𝜕𝑋2
𝑢𝑥2

)︃2

+ ... +
(︃

𝜕𝑌

𝜕𝑋𝑛

𝑢𝑥𝑛

)︃2

(3.91)
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Where 𝑢𝑥1 , 𝑢𝑥2 , 𝑢𝑥𝑛 represent the uncertainties of the independent variables. The previous
equation allows to quantify the propagation of the uncertainties of independent variables
into the value of the calculated parameter.

The net present value (NPV) is considered an important economic parameter
to evaluate the profitability of investment projects. Therefore, taking into account the
relevance of this parameter for making decisions, the sources of uncertainty and their
propagation in this indicator are assessed. The NPV depends on several parameters and
indicators which normally carry a significant level of uncertainty. For example, capital
costs, interest rate, O&M costs, cooling load price, and electricity tariffs are some of them.
For this study, the electricity tariff on peak and off-peak time from 105 electrical energy
distributors in Brazil were analyzed [164]. Consequently, the uncertainties of these two
variables were quantified in order to assess their distribution in the NPV. Figure 3.15
illustrates the frequency histogram and probability function of the electricity tariff on
peak time with mean (𝜇) of 0.2249 $/𝑘𝑊ℎ, standard deviation (𝜎) of 0.0537 $/𝑘𝑊ℎ and
range between the minimum and maximum values of 0.1076 - 0.4384 $/𝑘𝑊ℎ, respectively.

Figure 3.15 – Frequency histogram and probability function for the electricity tariff on
peak time (Dollar trading on March, 22nd 2021. $𝑈𝑆𝐷 1.00 = 𝑅$ 5.53).

The histogram for electricity tariff in off-peak time is shown in Fig. 3.16. For this,
𝜇=0.0897 $/𝑘𝑊ℎ, 𝜎=0.0133 $/𝑘𝑊ℎ, and range for minimum and maximum values of
0.0578 - 0.1410 $/𝑘𝑊ℎ, respectively.

The uncertainty analysis for operation modes A, B and C is carried out in EES
software. The standard deviation for both the electricity tariff on peak and off-peak time
are set as the input uncertainties to be propagated through the NPV (Eq. 3.83).
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Figure 3.16 – Frequency histogram and probability function for the electricity tariff in
off-peak time (Dollar trading on March, 22nd 2021. $𝑈𝑆𝐷 1.00 = 𝑅$ 5.53).
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4 Results and discussion.

The traditional mode of operating CES systems is based on the intermittent per-
formance of the charging and discharging processes, which leads to low utilization of the
cogeneration potential of this storage technology. Abdo [9] proposed the simultaneous
operation of the charging and discharging processes, but did not demonstrate the thermody-
namic viability of this transformation either quantitatively evaluate the main indexes and
indicators. Moreover, no studies have previously examined the performance of cogeneration
CES systems when charge and expansion sections operate simultaneously. Through the
simultaneous operation of the charging and discharging processes in cogeneration CES
systems, the efficiency, specific exergy consumption and other indexes and indicators can
be significantly improved. Additionally, the method to store energy in the form of liquid
air can be suitable to choose the storage capacity in order to meet the electricity and
cooling demands. The simple layout of the cogeneration CES cycles (Figs. 3.3, 3.4 and 3.5)
facilitates its integration to renewables to power the compressor and pump and also to use
waste heat in the multi-expansion turbine. The last measure can contribute to increasing
the power generation and the thermodynamic feasibility of the cogeneration CES system.
In order to make clear the advantages of the simultaneous operation of the charging and
discharging processes, four alternatives are compared. The first one, represented by Fig. 3.3,
carries out both the charging and discharging processes simultaneously. The second one,
name as option A and illustrated in Fig. 3.4, runs both the charging and discharging
circuits separately. Option B represented by Fig. 3.5 operates with the simultaneous
operation of the storage and release processes. Finally, option C also based on Fig. 3.5,
but with the simultaneous operation of the liquefaction and discharge circuits for charging
regime, whilst for discharging regime the liquefaction circuit remains out of service.

4.1 Mathematical model verification
.

In order to check and validate the accuracy of the obtained results and the modeling
approach proposed for CES cogeneration system simulation, performance parameters,
indexes, and indicators are compared with the corresponding results reported in [65, 9,
29, 7]. Figure 4.1 illustrates the influence of diverted air mass fraction on specific exergy
consumption for 𝜀 = 0.8. As the curves of the present study and the Ref. [9] indicate,
there is a good agreement between them and the results match with an deviation of the
dispersion average of 5.8 %. Morgan et al. [65] and Sciacovelli et al. [70] evaluated the
thermodynamic performance of a real CES pilot plant and found the specific work for the
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liquefaction process in a range of about 0.50 and 0.67 𝑘𝑊ℎ/𝑘𝑔𝐿. For this study, the same
indicator is found to be 0.69 𝑘𝑊ℎ/𝑘𝑔𝐿, which is 2.9 % higher than the upper limit of the
referred studies. The air diverted through the expander in the Claude cycle must be closed
to the optimal value in order to increase the performance of the liquefaction process. For
this, Kreith [29] and Kerry [7] recommend, from practical studies, to use a fraction of
0.60 to 0.80. In this study, the results show that the optimal diverted air mass fraction is
found to be between 0.66 and 0.72, which is in a great concordance with the experimental
values of the aforementioned references. The match between the experimental evidences
and the numerical prediction results of this study confirm the validity of the proposed
mathematical model. Further results of the present investigation are compared throughout
this section.

 

0

1

2

3

4

5

6

7

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

(k
W

h
/k

g
L
)

α

Present study 

Ref. [9] 

Figure 4.1 – Variation of the specific exergy consumption with diverted air mass fraction
for 𝜀 = 0.8.

4.2 Liquid yield and charging time.
Figure 4.2 shows the effect of the diverted air mass fraction and effectiveness of the

heat exchangers on specific liquid yield for the compressor pressure of 5.0 MPa. A linear
trend can be observed, indicating that increasing the diverted fraction and effectiveness,
proportionally increases the liquid yield up to values of diverted fraction ranged between
0.67 to 0.72, for the specified maximum and minimum values of effectiveness, respectively.
For greater values of diverted air mass fraction, liquid yield shifts for a downward trend,
almost becoming independent of effectiveness, which is led by Eq. 3.40, that is, a substantial
increase in the diverted fraction produces a sharp decrease in the specific air liquid yield,
on this point, the temperature drop experienced by stream 4-6 from Fig. 3.3 is not enough
to keep the specific air liquid yield growing and, consequently, the even more reduced mass
flow rate through the liquefaction circuit leads to an appreciable decrease of this indicator.
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This result shows that, increasing diverted air fraction causes a reduction of air mass flow
rate through the last two heat exchangers (HE-2 and HE-3), producing an even higher
temperature drop (2-6, Figs. 3.3 and 3.5), ultimately becoming liquid (compressed liquid).
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Figure 4.2 – Effect of diverted air mass fraction

and effectiveness of the heat exchangers on specific liquid yield during charging regime,
considering a high pressure of 5.0 MPa (Fig. 3.3).

Results of Fig. 4.2 also emphasize the strong dependence of liquid yield on the heat
exchangers effectiveness. For every 10 % of increasing effectiveness, liquid yield increases
0.026 𝑘𝑔𝐿/𝑘𝑔𝑎 in average. For 𝜀=1.0, the highest specific liquid yield is 0.322 𝑘𝑔𝐿/𝑘𝑔𝑎

when the diverted air mass fraction reaches 0.662. The results presented in [9] show that
the specific liquid yield for the CES system was 0.250 𝑘𝑔𝐿/𝑘𝑔𝑎, whilst in [140] was reported
a value of 0.730 𝑘𝑔𝐿/𝑘𝑔𝑎. In other research [100], the authors evaluated a CES integrated
to a single flash geothermal power plant and found a specific liquid yield of 0.585 𝑘𝑔𝐿/𝑘𝑔𝑎,
considering adiabatic surface for the heat exchangers and ideal compression. While for
hydrogen liquefaction, the research in [220] reported a total yield of 25.0 𝑘𝑔𝐿/𝑘𝑔𝑎.

Figure 4.3 displays, for operation modes B and C represented in Figure 3.5, the
effect of diverted air mass fraction and effectiveness of the heat exchangers on specific liquid
yield for an outlet compressor pressure of 5 MPa. The use of a double expansion turbine
(Figure 3.5) produces an increase of liquid yield when compare to the single expansion
turbine (Figure 3.4). This fact can be verified by the proportional relationship between
specific air liquid yield and the power generation at T-1 from Eqs. 3.32, 3.33, 3.41, and
3.45. The increase in liquid yield (Δy) by the use of double expansion at T-1 (Fig. 3.5) is
represented at the right side of Fig. 4.3. For 𝜀=1.0, the maximum specific liquid yield is
0.412 𝑘𝑔𝐿/𝑘𝑔𝑎, which is 21.8 % higher than that of the CES system with expansion valve
(Fig. 3.3). Additionally, the increase in liquid yield for every 10 % of increase effectiveness is
almost 50 % higher than the result reported in Fig. 4.2. It is clear that turbine expansions
(T-1 and T-2) are directly proportional to liquid yield (Eqs. 3.32 and 3.41) and produce a
significant air temperature reduction (Fig. 3.8). These facts explain the higher proportion
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of liquid yield for operation modes B and C respect to A, that is, the specific liquid yield
for modes B and C is in between 16.2 % to 20 % higher than mode A.

 

Figure 4.3 – Effect of diverted air mass fraction and effectiveness of the heat exchangers
on specific liquid yield during charging regime for operation modes B and C.

The effect of outlet compressor pressure and effectiveness on liquid yield is illus-
trated in Fig. 4.4 for 𝛼 = 0.60. It can be seen that liquid yield rapidly increases with
pressure and effectiveness up to approximately 4.0 MPa, at a rate ranged from 0.060 to
0.064 𝑘𝑔𝐿/𝑘𝑔𝑎𝑀𝑃𝑎 according to the effectiveness, beyond that point of pressure the slope
reduces gradually at approximately constant rate of 0.011 𝑘𝑔𝐿/𝑘𝑔𝑎𝑀𝑃𝑎, obtaining less
liquid production for each unit of pressure increase. This behavior demonstrates that
increasing compressor pressure is advantageous to the specific air liquid yield. But, the
specific exergy consumption also goes up. Therefore, there is intermediate outlet compressor
pressure that is more interesting for process. The increase in outlet compressor pressure
produces an increase on the specific air liquid yield due to the increasing specific heat, and
the earlier two phase formation at the second heat exchanger. During charging regime,
the dislodgement of liquid level gradually increases (Fig. 3.13a), producing an increase in
saturated vapor mass flow rate leaving from the cryogenic tank (state 8, Figs. 3.3-3.5),
which leads to an intensification of the heat transfer conditions at the heat exchangers
and the rise of liquid yield. As a result of the increase of compressor pressure, the power
generation at the cryogenic turbine increases, especially at the first expansion section
(ℎ13 − ℎ14𝑠), positively influencing the increase of liquid air production. It can be also
observed that the isentropic efficiency of the turbine has a direct influence on liquid yield,
thus when the expansions tend to be isentropic, more liquid air is obtained from the
liquefaction process.

Figure 4.5 shows the influence of the heat exchanger effectiveness and outlet
compressor pressure on charging time for 𝑚̇𝑐=18.0 kg/s, 𝛼=0.60 and 𝐶𝑡=50 t. It is
observed that charging time may become excessively high for low pressure values, leading
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Figure 4.4 – Influence of compressor pressure and effectiveness of the heat exchangers on
specific liquid yield during charging regime for 𝛼=0.60 (Fig. 3.3).

to inconvenient operating conditions for the cryogenic energy storage (CES) systems. The
charging time becomes less sensitive for pressure values greater than 4.0 MPa, with an
average reduction of 0.52 h/MPa considering 𝜀 ≥0.90.
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Figure 4.5 – Dependence of the charging time respect to compressor pressure and effective-
ness of the heat exchangers, for 𝑚̇𝑐=18.0 kg/s, 𝛼=0.60 and 𝐶𝑡=50 t (Fig. 3.3).

4.3 Exergy analysis.
Figure 4.6 shows the effect of heat exchanger effectiveness and outlet compressor

pressure on exergy efficiency for charging regime. Increasing compressor pressure produces
a positive effect on exergy efficiency up to certain values, from which efficiency slightly
decreases. This can be understood from the fact that initially, the power consumption is
low, which is motivated by the lower pressure values and the sustained increase in power
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generation due to the increasing outlet compressor pressure. The exergy efficiency takes
its maximum for pressure values ≤ 2.5 MPa, beyond that value, the power demand by the
compression process results in higher proportion respect to power generation. The highest
exergy efficiency for air liquefaction is 32.8 % when ideal heat transfer condition (𝜀=1.0)
at the heat exchangers is considered. In Fig. 4.7 a higher exergy efficiency can be seen.
The use of a cryogenic hydraulic turbine, considering its isentropic efficiency, (Fig. 3.5)
instead of an expansion valve (Fig. 3.3) produces an increase in exergy efficiency of 24.7 %.

 

1 2 3 4 5 6 7 8

5

10

15

20

25

30

35

40

P (MPa)

h
e
x
e
 (

%
)

e=0.8e=0.8

e=0.9e=0.9

e=1.0e=1.0

Figure 4.6 – Effect of compressor pressure and effectiveness of the heat exchangers on
exergy efficiency during charging process, for 𝑚̇𝑐=6.0 kg/s, 𝛼=0.60 and
𝑃𝑝=20.0 MPa (Fig. 3.3).
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Figure 4.7 – Effect of compressor pressure and effectiveness of the heat exchangers on
exergy efficiency for operation modes B and C during charging process, for
𝑚̇𝑐=6.0 kg/s, 𝛼=0.60 and 𝑃𝑝=20.0 MPa.

The influence of the outlet pressure of the cryogenic pump and reheat tempera-
ture (𝑇𝑟 for turbine T-3, Fig. 3.3) on exergy efficiency during discharging process and
𝑚̇𝑝=3.5 kg/s is shown in Fig. 4.8, while liquefaction section runs at 5.0 MPa of outlet
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compressor pressure, 𝛼=0.60 and 𝜀=0.95. For higher pressure and reheat temperature, the
higher exergy efficiency is obtained. Every temperature curve increases logarithmically,
producing a significant growth for pressure values less than 15.0 MPa, then exergy efficiency
gradually increases with a lower slope. This result illustrates the significant increase in
exergy efficiency when an external energy source at high temperature is available for
power production. When waste heat is available at 500 K, the maximum exergy efficiency
for discharging regime is 52.2 %, considering outlet pump pressure of 20.0 MPa. The
result also suggests that for low outlet pump pressures the CES system produces more
irreversibilities, pointing out a suitable range of outlet pressure of the cryogenic pump
between 15 and 30 MPa. Another study [74] reported an exergy efficiency of 12.1 % for
a air liquefaction cycle considering two stages of compression, this result was obtained
considering a Claude cycle and similar operating conditions concerning the present study.

 

0 10 20 30 40 50 60 70 80 90 100
10

20

30

40

50

60

70

P (MPa)

h
e
x
e
 (

%
)

300 K300 K

400 K400 K

500 K500 K

600 K600 K

Figure 4.8 – Influence of pump pressure and inlet turbine temperature on exergy efficiency
during discharging process, with compressor pressure of 5.0 MPa, 𝛼=0.60
and 𝜀=0.95.

Variations in exergy efficiency for charging regime with air mass flow and heat
exchanger effectiveness are shown in Fig. 4.9 for 5.0 MPa of outlet compressor pressure
and 𝛼=0.60. The graph shows a sharp decrease in exergy efficiency with increasing air
mass flow rate up to about 3.0 kg/s, after that, it reduces gradually for flow rates above
8.0 kg/s. This result suggests that for low air mass flow rate, any increase in air flow
at low effectiveness represents a significant increase in irreversibilities, especially in the
expansion valve, cryogenic turbine and compressor. Similarly, exergy efficiency presents
a good behavior at very low air mass flow rate, however, the use of small air mass flow
compromises the specific air liquid yield, the charging time and the exergy utilization factor,
which negatively impacts the cycle performance during the discharging process. A similar
trend is obtained when a cryogenic hydraulic turbine is used for liquefaction purposes
(Fig. 4.10). However, the exergy efficiency is significantly higher for every effectiveness
curve.
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Figure 4.9 – Dependence of the exergy efficiency respect to air mass flow rate and effec-
tiveness of the heat exchangers during charging process (Fig. 3.3).

 

0 2 4 6 8 10 12 14 16 18 20
40

42

44

46

48

50

52

54

56

58

60

(kg/s)

h
e
x
e
 (

%
)

e=0.8e=0.8

e=0.9e=0.9

e=1.0e=1.0

ṁc 

Figure 4.10 – Influence of the air mass flow rate and effectiveness of the heat exchangers
on exergy efficiency during charging process for operation modes B and C
(Fig. 3.5).

Based on data from Tables A.1 and A.2 from Appendix A, Figures 4.11 and 4.12
show a summary about the distribution of the exergy destruction of the cycle during
charging and discharging regimes, respectively. As can be seen in Fig. 4.11, during charging
regime, the components with the worst performance are the compressor and expansion
valve, which carry 70.2 % of the total exergy destruction. Exergy destruction of all heat
exchangers reached 17.6 %, which is higher than the cryogenic turbine (11.2 %). The
isentropic efficiency of the turbines and the isothermal efficiency of the compressor were
considered for calculation. Additionally, the effectiveness of the heat exchangers was set at
0.95.

For the discharging, the evaporator and the four-section expansion turbine con-
tribute most to the total exergy destruction with 71.2 % as shown in Fig. 4.12. The
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Figure 4.11 – Exergy destruction distribution for charging process, following the thermo-
dynamic states given in Table A.1.

main reason of this result, for the heat exchangers, lies on the large temperature gradient
between the streams and the surroundings, which increases the irreversibilities related to
heat transfer under a finite temperature difference. In others studies, authors found the
highest exergy destruction at the same components [156, 109]. Another research [58] points
out that the worst thermodynamic behavior corresponded to the cryogenic turbine from
the liquefaction section. Due to the high exergy destruction, the compression, expansion
and cold transfer processes should be optimized in order to improve the cycle efficiency.
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Figure 4.12 – Exergy destruction distribution for discharging process, following the ther-
modynamic states given in Table A.2.
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As can be observed, for each operation mode in Fig. 4.13, the components with
the worst thermodynamic performance are the compressor, heat exchangers and turbines,
which carry with more than 96 % of the total exergy destruction. For the discharging
process, the heaters, evaporator and expansion turbines contribute most to the total exergy
destruction with more than 97 % as is shown in Fig. 4.14.

Figure 4.13 – Exergy destruction distribution for charging process.

Figure 4.14 – Exergy destruction distribution for discharging process.

Table 4.1 lists a summary comparison of the exergy destruction proportion as-
sociated with each component for the CES systems. The irreversibility pattern of the
present study, considering a whole cycle, is similar to other researches [159, 221]. It can be
observed that compressor, heat exchanger, turbine and expansion valve subsystems carry
the highest exergy destruction. When combustion devices are part of the CES system,
for example, a hybrid CES plant, the combustion chamber results the most irreversible
component [69]. For the heat exchanger component, the proportion of irreversibilities
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between the present study (10.18 %) and the investigations listed in Table 4.1 presents a
significant difference. One of the main reason of these differences lies on the consideration
of a pressure drop through the heat exchangers [69, 159, 221, 222], for instance, in [159] the
authors set a pressure drop through the heat exchanger of 50 kPa, this assumption, which
is not considered in the present research, leads to an increase in irreversibilities due to the
viscous effect of the fluid on the internal surface of the heat exchanger. Additionally, the
use of high pressure (8-18 MPa) in the liquefaction section [69, 159] can bring to increase
in irreversibilities how it was explained before in Fig.4.6. These results justify the growing
trend of several researches at optimizing compressor, heat transfer and expansion processes
[52, 96, 127]. The exergy analysis results for the cogeneration CES system illustrated in
Fig. 3.3 are shown in Tables C.1 and C.2 from Appendix C for charging and discharging
regimes, respectively. Similarly, for operation modes A, B and C, the exergy analysis
results are presented in Tables C.3-C.8. The superiority of the simultaneous operation of
the charging and discharging processes can be observed by analyzing these results. For
instance, during the discharging regime, the operation mode B presents an exergy efficiency
of 80.20 %, which is 1.3 % higher than that for operation mode A.

Table 4.1 – Comparison of the relative exergy destruction for different CES systems
researches (%).

Component Ref. [27] Ref. [159] Ref. [69] Ref. [222] Ref. [221] Ref. [109] This study

Compressor 22.00 21.43 9.00 16.20 25.21 21.80 23.30
Heat exchangers 28.00 20.31 38.00 37.70 26.22 22.70 10.18
Expansion valve 39.00 20.76 8.00 13.00 4.34 - 15.56
Turbines 6.00 16.51 5.00 3.10 25.01 25.40 17.19
Cryogenic pump - 9.15 1.00 0.20 - 7.70 3.66
Evaporator - - - 22.00 - 11.50 23.81
Cold storage - - - - 19.23 - -
Combustor - - 39.00 11.90 - - -
Others components 5.00 11.84 - 17.80 - 10.90 6.29

4.4 Sensitivity analysis of performance indexes and indicators.
The influence of diverted air mass fraction and effectiveness on net specific exergy

consumption is illustrated in Fig. 4.15, for the outlet compressor pressure of 5.0 MPa.
The net specific exergy reaches its minimum value for 𝛼 between 0.50 and 0.68, which is
approximately 0.694 𝑘𝑊ℎ/𝑘𝑔𝐿. Further increase of 𝛼 reduces the air liquid production,
increasing the specific exergy consumption (for 𝛼 > 0.75, Fig. 4.15). E. Borri et al. [74]
modeled and optimized three air liquefaction plants and found for the Claude cycle a
specific consumption between 0.72 and 0.73 𝑘𝑊ℎ/𝑘𝑔𝐿, for diverted air mass fraction of
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0.20 to 0.25 and discharge compressor pressure from 38 to 45 bar. Likewise, Abdo [9] and
Chen et al. [140], in their researches, obtained 0.313 and 0.399 𝑘𝑊ℎ/𝑘𝑔𝐿, respectively.
While the first one assumed isentropic expansion at the cryogenic turbine and obtained
overall efficiency greater than the unit for mass flow ratio ≥ 1.5 and 𝛼=0.60 to 0.80, in
the second research the authors assumed adiabatic heat exchanger surface and did not
consider the external source of heat to estimate the cycle efficiency. Another research [190]
reported a specific energy consumption for a CES pilot plant of 0.730 𝑘𝑊ℎ/𝑘𝑔𝐿 without
cold recycling.
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Figure 4.15 – Effect of diverted air mass fraction and effectiveness of the heat exchangers
on specific exergy consumption during charging regime (Fig. 3.3).

The results presented in Fig. 4.16, for 𝛼=0.60, show that effectiveness of the heat
exchangers and discharge compressor pressure are strongly related to the specific exergy
consumption, especially for 𝑃𝑐 < 2.0 MPa. Lower values of specific exergy consumption
are observed in the pressure range from 1.2 MPa to 5.0 MPa. The lowest specific exergy
consumption (0.956 𝑘𝑊ℎ/𝑘𝑔𝐿) at 𝜀=0.80 is obtained between 3.6 and 5.5 MPa, optimal
values shift for lower pressure values, for instance, when 𝜀=1.0, the optimum specific exergy
consumption is 0.611 𝑘𝑊ℎ/𝑘𝑔𝐿 for a discharge pressure of 1.3 MPa. As the effectiveness of
the heat exchangers increases from 0.80 to 0.90, the specific exergy consumption reduces in
0.179 𝑘𝑊ℎ/𝑘𝑔𝐿 at 4.0 MPa, while from 0.90 to 1.0, the reduction resulted in a contribution
of 0.110 𝑘𝑊ℎ/𝑘𝑔𝐿 considering the same pressure value. When discharge pressure of 3.0 MPa
is considered, the reduction of specific exergy consumption is a little higher, with values of
0.200 and 0.120 𝑘𝑊ℎ/𝑘𝑔𝐿, respectively.

Figure 4.17 shows the effect of air mass flow and effectiveness on specific exergy
consumption (for 𝑃𝑐 = 5.0 MPa and 𝛼=0.60). After 5.0 kg/s, the specific exergy con-
sumption tends to remain almost constant for every effectiveness value. In spite of the
fact that the increase of air mass flow rate produces a rise of exergy destruction, these
irreversibilities are compensated with the increase of power production at the cryogenic
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Figure 4.16 – Influence of compressor pressure and effectiveness of the heat exchangers on
specific exergy consumption during charging regime (Fig. 3.3).

turbine. This explains the trend identified for the smooth section of the curves in Fig. 4.17.
Additionally, for low air mass flow rate (< 1.0 kg/s) the CES system seems to perform
with the lowest specific exergy consumption; however, the specific air liquid yield, the
charging time and the exergy utilization factor are drastically affected. For instance, at
low air mass flow rate, the air circulating through the liquefaction section would not be
enough to stabilize the thermal inertia of the fixed heat transfer area in a short time, that
is, the transient regime period would be extremely prolonged, which leads to increase
the charging time and, consequently, to reduce the exergy utilization factor. In general,
the trends of the curves suggest that it is possible to use a large air mass flow rate for
liquefaction without a significant increase in specific exergy consumption.
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Figure 4.17 – Effect of air mass flow rate and effectiveness of the heat exchangers on
specific exergy consumption during charging regime (Fig. 3.3).

Figure 4.18 depicts the influence of compressor pressure and effectiveness on
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specific liquid yield and specific exergy consumption for 𝛼=0.60 and 𝑚̇𝑐=6.0 kg/s. It can
be observed that effectiveness must be higher than 0.43 to obtain liquid air at the cryogenic
tank for compressor pressure of 5 MPa. The recommended effectiveness, for cryogenic
heat exchangers, must be greater than 0.90 to get a more uniform difference temperature
between the fluids [223]. For high effectiveness values specific exergy consumption becomes
minimum and turns almost pressure independent. Furthermore, the growth in specific
liquid yield due to the increase in pressure is reduced at every higher pressure level,
suggesting the search of the optimal pressure to correlate energy required by compressor
with specific liquid yield.
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Figure 4.18 – Dependence of the net specific exergy consumption and liquid yield respect
to effectiveness of the heat exchangers and compressor pressure (Fig. 3.3).

Figure 4.19 shows, for operation mode B, the effect of outlet compressor pressure
and effectiveness of the heat exchangers on specific exergy consumption and liquid yield for
𝛼=0.6. It is observed that for high 𝜀 values specific exergy consumption becomes minimum.
While for 𝜀 < 0.80, the lowest specific exergy consumption figures are registered for high
outlet compressor pressure.

Figure 4.20 illustrates the behaviour of the specific exergy consumption for 𝜀 ≥0.92
where the indicator takes values from 0.410 𝑘𝑊ℎ/𝑘𝑔𝐿 to 0.506 𝑘𝑊ℎ/𝑘𝑔𝐿. The minimum
exergy required to produce the mass of liquid air is achieved for operation mode B, where
the three turbines (T-1, T-2 and T-3) operate simultaneously reducing, even more than
modes A and C, the power required by the compressor. For operation mode C, the indicator
is slightly higher than mode B and for mode A, the difference is more significant, taking
values for the same range of effectiveness from 0.513 𝑘𝑊ℎ/𝑘𝑔𝐿 to 0.609 𝑘𝑊ℎ/𝑘𝑔𝐿. It
must be also highlighted that the second expansion in T-1 (Fig. 3.5) improves the power
production during charging process in 35.8 % and consequently reduces the compressor
power consumption in 19.9 %.
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Figure 4.19 – Influence of compressor pressure and effectiveness of the heat exchangers on
specific exergy consumption during charging regime, for 𝛼=0.6.

 

Figure 4.20 – Enlargement of the region for the overlapped curves in graph 4.19.

As shown in Fig. 4.21, for the case of CES cycle from Fig. 3.3, the increase of
pump pressure and reheat temperature at the four sections expansion turbine produce
a positive effect on exergy density. The optimal value at every temperature curve shifts
to a higher pressure. At 20 MPa and between the temperature range considered the
exergy density varies from 48.6 to 121.5 𝑘𝑊ℎ/𝑚3, values much higher than the reported
for compressed air energy storage (CAES) [78, 69], flywheel [217, 224], superconducting
magnetic energy storage (SMES) [225, 226] and for the CES systems when carbon dioxide
is used as cryogenic fluid [17, 50]. It is worthy to note that a larger exergy density also
supposes a smaller reservoir for energy storage compared to the mentioned technologies.
The considered heating temperatures are achievable by concentrating solar technologies
[227], for instance, for Parabolic Trough Collector (PTC) the receiver outlet temperature
can reach between 500 to 565 ∘C [228], for parabolic dish the fluid or gas can be heated to
about 750 ∘C [229], and for solar tower the operating temperature can vary between 250
and 650 ∘C [230]. For a solar tower, the working thermal fluid can be heated at a high
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temperature of more than 1500 ∘C [229].

 

10 20 30 40 50 60 70 80 90 100
25

40

55

70

85

100

115

130

145

160

P (MPa)

(k
W

h
/m

3
)

300 K300 K

400 K400 K

500 K500 K

600 K600 K

E
D
 

Figure 4.21 – Influence of pump pressure and turbine inlet temperature on exergy density
during discharging process (Fig. 3.3).

In Fig. 4.22 it is shown the effect of pump pressure and reheat temperature at the
four section expansion turbine on exergy density for operation modes A and C, which are
represented by Figs. 3.4 and 3.5, respectively. The exergy density increases significantly
with higher temperature and pressure up to approximately 20 MPa, after that, it increases
gradually. This result suggests, according to the reheat temperature, that the maximum
pump pressure, in order to achieve a suitable performance, lies between 20 MPa and
30 MPa. It can be also observed that for every temperature curve, the optimal value shifts
to a higher pressure. On the right axis of the graph is represented the increase in exergy
density respect to operation mode B. That is, the operation of the liquefaction section
during discharging regime for mode B reduces the power generation and, consequently,
the exergy density in the range of 15 𝑘𝑊ℎ/𝑚3 to 24.2 𝑘𝑊ℎ/𝑚3. For the considered
temperature range (300 K - 600 K) and pump pressure of 20 MPa the exergy density
varies from 54.7 𝑘𝑊ℎ/𝑚3 to 133.5 𝑘𝑊ℎ/𝑚3, which increased in approximately 9 % with
respect to the values registered in Fig. 4.21.

During charging process, (for 𝛼=0.60, 𝜀=0.95, 𝑃𝑐 = 5.0 MPa, 𝑃𝑝 = 20.0 MPa and
𝑇𝑟=400 K), the exergy efficiency drastically decreases in the course of the first hour, as
indicated in Fig. 4.23. This initial behavior is highly influenced due to the increase in
exergy destruction at compressor, turbines and expansion valve from Fig. 3.3. The exergy
stored changes linearly with time and considering 50 t of cryogenic tank capacity, the
total exergy stored is 10.31 MWh in a period of 6.81 h of charging time. For discharging
process (Fig. 4.24), the rate of liquid exergy for power production is constant, that is why
the exergy efficiency during exergy recovery remains the same (39.5 %) for a discharging
time of 3.90 h.
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Figure 4.22 – Influence of pump outlet pressure and turbine inlet temperature on exergy
density during discharging process for operation modes A and C.
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Figure 4.23 – Exergy efficiency and exergy stored at the cryogenic tank vs charging time.

The influence of diverted air mass fraction and reheat temperature in the four-
section expansion turbine on round-trip efficiency (Eq. 3.70) is presented in Fig. 4.25,
which corresponded to the CES cycle from Fig. 3.3 for 𝜀 = 0.95, 𝑃𝑝 = 20.0 MPa, 𝑚̇𝑐 =
12.0 kg/s and 𝑚̇𝑝 = 3.5 kg/s. There is a clear maximum value at 0.64 of diverted air
mass fraction with efficiency ranged between 7.9 and 30.2 % in the limits of the specified
reheat temperature. The increase of 𝛼 produces a higher power generation at the cryogenic
turbine, which also rises the specific liquid yield (Fig. 4.2). Consequently, the improvement
in the round-trip efficiency is highly benefited by the turbines power production. Further
increase of 𝛼, beyond the optimum, affects the air liquid production due to the poor
cooling performance at the heat exchangers, since less cold air coming from the cryogenic
tank is sent back to the cold box, reducing the power output of the four-section expansion
turbine, and therefore, the round-trip efficiency as well. The range of temperature set for
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Figure 4.24 – Exergy efficiency and exergy stored at the cryogenic tank vs discharging
time.

the sensitivity analysis of the round-trip efficiency was selected according to the available
renewable energy technologies used for heating [229, 231].
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Figure 4.25 – Round-trip efficiency vs diverted air mass fraction and turbine inlet reheat
temperature (Fig. 3.3).

As illustrated in Fig. 4.26, for a given reheat air temperature to the four-section
expansion turbine, the round-trip efficiency increases with increasing compressor pressure,
reaches an maximum, and then decreases with a further increase in pressure, advising that
round trip efficiency is a function of charging pressure. The graph was plotted considering
𝜀 = 0.95, 𝛼 = 0.60, 𝑃𝑝 = 20.0 MPa, 𝑚̇𝑐 = 12.0 kg/s and 𝑚̇𝑝 = 3.5 kg/s. The sudden
increases of round-trip efficiency up to 1.6 MPa is leaded by both expansion turbines,
the first one (cryogenic turbine) takes advantage of increase in pressure and the second
one (four-section expansion turbine) of increase in reheat temperature (𝑇𝑟). For further
increases in pressure, larger compressor power consumption is obtained which leads to a
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gradually reduction of the round-trip efficiency. The use of the two stages expansion turbine
(T-1, Fig. 3.3) produces a 10.24 % reduction in power consumption during the charging
process compared to the single-stage expansion turbine (T-1, Fig. 3.2) and the overall
effect of the simultaneous operation of the expansion circuit with that of the liquefaction
is a 19.91 % reduction in power consumption. That is, the CES system in Fig. 3.3 can be
able to reduce the power consumption during charging process by almost a fifth. Those
findings shown in Figs. 4.25 and 4.26 reveal that 𝛼, 𝑇𝑟 and 𝑃𝑐 have a significant effect
on round-trip efficiency, which is also sensible to effectiveness of the heat exchangers, to
outlet pump pressure and air mass flow rate for the liquefaction and expansion sections.
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Figure 4.26 – Influence of compressor pressure and turbine inlet reheat temperature on
round-trip efficiency (Fig. 3.3).

4.5 Cogeneration.
The round-trip efficiency accounting electrical power (Eq. 3.70) and considering

cogeneration regime (Eq. 3.78) are evaluated for operation modes A, B and C as shown
in Figs. 4.27, 4.28 and 4.29, respectively. For this, the charging and discharging times
are considered the same, that is, Δ𝜏𝑐ℎ/Δ𝜏𝑑𝑖𝑠=1 [66, 99, 232]. For other analysis in this
document, the time ratio (Δ𝜏𝑐ℎ/Δ𝜏𝑑𝑖𝑠) is estimated by Eqs. 3.46 and 3.47.

It should be noted that the highest electrical round-trip efficiency is achieved for
operation mode C with 55.7 % as indicated in Fig. 4.29. When the electricity and cooling
load are taken into account, the round trip efficiency reaches up to 98.6 %, the highest
figure among the three options. The operation mode B has evident advantages with respect
to mode A, it is observed that both the electrical and cogeneration round-trip efficiency
are higher by 8.2 % and 16.1 %, respectively. The results point out that the simultaneous
operation of the charging and discharging sections for CES systems using double expansion
at the expander (T-1 from Fig. 3.5) can be feasible from thermodynamic point of view.
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Figure 4.27 – Distribution of power, cooling and heat loads for operation mode A.

 

Figure 4.28 – Distribution of power, cooling and heat loads for operation mode B.

The variations of exergy utilization factor with 𝜀 and 𝑃𝑐 are demonstrated in
Fig. 4.30 from Fig. 3.3 for 𝛼 = 0.60, 𝑃𝑝 = 20.0 MPa, 𝑚̇𝑐 = 6.0 kg/s, 𝑚̇𝑝 = 0.1 kg/s and
𝑇𝑟 = 400 K during charging regime. 𝐸𝑥𝑈𝐹 is benefited by increasing compressor pressure
up to certain pressure value for every effectiveness curve. The result suggests that the
power generated by the cryogenic turbine becomes initially determinant, further increase in
pressure leads to an increase in the compressor power consumption in a higher proportion
than the power generated by the turbine, affecting the cogeneration index. For 𝜀=1.0, the
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Figure 4.29 – Distribution of power, cooling and heat loads for operation mode C.

maximum 𝐸𝑥𝑈𝐹 is 52.3 % at 𝑃𝑐=1.4 MPa, which is higher than the exergy efficiency
(32.8 %, Fig. 4.6) for the base CES system, and even superior to what is reported in [9].
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Figure 4.30 – Effect of compressor pressure and effectiveness of the heat exchangers on
exergy utilization factor during the charging regime (Fig. 3.3).

The influence of compressor pressure and effectiveness of the heat exchangers on
exergy utilization factor, for operation modes B and C (Fig. 3.5), is illustrated in Fig. 4.31
for 𝛼 = 0.6, 𝑃𝑝 = 20 MPa, 𝑚̇𝑐 = 36 kg/s, 𝑚̇𝑝 = 0.24 kg/s and 𝑇𝑟 = 600 K during
charging regime. It is noticed from the figure that for each curve of effectiveness there
is an optimum pressure where 𝐸𝑥𝑈𝐹 is maximum. For 𝜀=1.0, the maximum 𝐸𝑥𝑈𝐹 is
64.1 % at 𝑃𝑐=1.48 MPa.
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Figure 4.31 – Effect of compressor outlet pressure and effectiveness of the heat exchangers
on exergy utilization factor during the charging regime (for operation modes
B and C from Fig. 3.5).

Figure 4.32, from CES cycle of Fig. 3.3, illustrates the effect of air mass flow rate
through the compressor and effectiveness of the heat exchangers on exergy utilization factor
for 𝛼 = 0.60, 𝑃𝑐 = 5.0 MPa, 𝑃𝑝 = 20.0 MPa, 𝑚̇𝑝 = 0.1 kg/s and 𝑇𝑟 = 400 K. It is clear a
sharp increase of 𝐸𝑥𝑈𝐹 up to 7.0 kg/s, beyond that value, the slope is drastically reduced
and the factor increases at a lower rate, remaining almost steady for 𝑚̇𝑐 > 30.0 kg/s. This
behavior is strongly influenced due to the increase in power production by the two-section
expansion turbine and the exergy stored in the cryogenic tank, the further increase of air
flow produces an increase in the power consumption by the compressor, turning smooth
the curves for every effectiveness value. For every 10 % of increase in effectiveness, the
exergy utilization factor rises as average 3.1 %.
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Figure 4.32 – Influence of air mass flow rate and effectiveness of the heat exchangers on
exergy utilization factor during the charging regime (Fig. 3.3).

The increase of the inlet turbine temperature and pump pressure, during the
discharging regime, produces a significant growth on 𝐸𝑥𝑈𝐹 up to 15.0 MPa as shown in
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Fig. 4.33 from CES cycle represented in Fig. 3.3. The graph is plotted for 𝛼 = 0.60, 𝜀

= 0.95, 𝑃𝑐 = 5.0 MPa, 𝑚̇𝑝 = 3.5 kg/s and 𝑚̇𝑐 = 0.4 kg/s. There is an maximum 𝐸𝑥𝑈𝐹

at each temperature curve, which moves for a higher pressure. Maximum values range
from 60.4 to 79.0 % between the specified minimum and maximum temperature limits.
The four-section expansion turbine produces the main contribution on this high values,
which slightly reduces after their optimal due to the increase of power consumption by the
cryogenic pump. At 20.0 MPa of pump pressure and 𝑇𝑟 = 400 K, the 𝐸𝑥𝑈𝐹 is 69.2 %,
which is higher than the result obtained for the exergy efficiency (42.3 %, Fig. 4.8) of the
base Claude cycle during discharging process at the same conditions. Tafone et al. [233]
performed a technical and economic study for a CES system to cover the building cooling
demand, and obtained an exergy efficiency of 67.0 % for the discharge process. In other
research [105], authors compared a standalone CES system respect to an integrated CES
with cooling and heating capabilities and found a favorable exergy efficiency of 53.7 % for
the integrated CES.
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Figure 4.33 – Effect of pump pressure and turbine reheat inlet temperature on exergy
utilization factor during the discharging process (Fig. 3.3).

For discharging process, all alternatives (A, B and C) operate in cogeneration
regime. From the specified temperature curves in Fig. 4.34, the maximum values of 𝐸𝑥𝑈𝐹

range from 68.8 % to 90.1 %. The 𝐸𝑥𝑈𝐹 values, for operation mode B, are lower than
the other two alternatives in a proportion range from 4.8 % to 5.4 % as a result of power
consumption in the liquefaction section. The advantage of using a cryogenic hydraulic
turbine instead of an expansion valve is evident when Figs. 4.33 and 4.34 are compared,
which are referred to the CES cycles of Fig. 3.3, for the first case and Figs. 3.4 and 3.5 for
the second one.

The influence of pump pressure and reheat temperature on electrical and thermal
efficiency are illustrated in Fig. 4.35 for 𝛼 = 0.60, 𝜀 = 0.95, 𝑃𝑐 = 5.0 MPa, 𝑚̇𝑝 = 3.5 kg/s
and 𝑚̇𝑐 = 0.4 kg/s. The range of maximum values for electrical efficiency is stated from 54.6
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Figure 4.34 – Effect of pump discharge pressure and turbine inlet temperature on exergy
utilization factor during the discharging process (operation modes A and
C).

to 76.3 %, strongly influenced by the four-section expansion turbine. The difference between
electrical and thermal efficiency points out power production as the main contributor for
cogeneration process. A sudden increase in electrical efficiency up to 7.0 kg/s of air flow
can be observed in Fig. 4.36, whilst thermal efficiency reduces. After that, both efficiencies
remain almost steady.
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Figure 4.35 – Effect of pump pressure and inlet turbine temperature on electrical and
thermal efficiency for discharging regime (Fig. 3.3).

Figures 4.37 and 4.38 illustrate the influence of diverted air mass fraction, discharge
compressor pressure and reheat temperature on round-trip efficiency for cogeneration
regime (Eqs. 3.76, 3.77 and 3.78). As shown in Fig. 4.37, the round-trip efficiency is highly
benefited when waste heat at high temperature is available. It can be observed, that
there is an maximum for every temperature curve, where the efficiency can attain values
greater than 60 % for reheat temperature of 900 K. In Fig. 4.38, the optimal round-trip
efficiency values shift for lower values of compressor discharge pressure. The advantages of
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Figure 4.36 – Influence of liquid air mass flow rate and turbine inlet temperature on
electrical and thermal efficiency for discharging regime (Fig. 3.3).

cogeneration can be clearly seen when Figures 4.25, 4.26, 4.37 and 4.38 are compared.
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Figure 4.37 – Round-trip efficiency vs diverted air mass fraction and reheat turbine inlet
temperature for cogeneration regime (Fig. 3.3).

The influence of diverted air mass fraction and operation modes on round-trip
efficiency, for cogeneration regime, are presented in Fig. 4.39 for 𝜀 = 0.95, 𝑃𝑝 = 20 MPa,
𝐶𝑡 = 200 t and 𝑇𝑟 = 600 K. It can be noticed that there is a clear maximum value of
diverted air mass fraction for each operation mode. The optimum values of 𝛼 for operation
modes A, B and C are 0.63, 0.64 and 0.65, respectively. At these values, the respective
round-trip efficiency figures are 38.5 %, 43.3 % and 46.8 %. The increase of 𝛼 produces a
higher power generation at the expander (T-1), which also rises the specific liquid yield
(Fig. 4.3). Consequently, the improvement in the cogeneration round-trip efficiency is
highly benefited by the power generation in the turbines. Further increase of 𝛼, beyond
the maximum, affects the liquid air production due to the poor cooling performance at
the heat exchangers, since less cold air coming from the cryogenic tank is sent back to the
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Figure 4.38 – Influence of compressor pressure and turbine inlet temperature on round-trip
efficiency for cogeneration regime (Fig. 3.3).

cold box. This fact, reduces the power output of the four section expansion turbine during
operation modes B and C, and therefore, the round-trip efficiency as well.

 

Figure 4.39 – Effect of diverted air mass fraction and operation modes on round trip
efficiency for cogeneration regime at 600 K of reheat temperature.

As represented in Fig. 4.40, the cogeneration round-trip efficiency, for every opera-
tion mode, increases with increasing compressor discharge pressure, reaches an maximum,
and then decreases with a further increase in pressure, advising that round trip efficiency
is a function of the charging pressure. The graphic was plotted for 𝜀 = 0.95, 𝛼 = 0.6,
𝑃𝑝 = 20 MPa, 𝐶𝑡 = 200 t and 𝑇𝑟 = 600 K. It is observed that the sudden increases of
round-trip efficiency up to 1.57 MPa is leaded by both the expander (T-1) and cryogenic
turbine (T-2). For operation modes B and C, the four section expansion turbine (T-3)
also contribute for that initial increase of the efficiency. Then, further increase in pressure,
brings to a greater compressor power consumption, which leads to a gradually reduction
of the round-trip efficiency. Those findings shown in Figs. 4.39 and 4.40 reveal that 𝛼, 𝑇𝑟

and 𝑃𝑐 have a significant effect on cogeneration round-trip efficiency.
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Figure 4.40 – Influence of compressor pressure and operation modes on round trip efficiency
for cogeneration regime at 600 K of reheat temperature.

4.6 Optimization results.
For this research, the goal of thermodynamic optimization is to maximize specific

liquid yield, exergy efficiency, exergy utilization factor, exergy density and round-trip
efficiency, whilst specific exergy consumption must be minimized. A comparison between
the base cycle represented in Fig. 3.2 (50 t storage capacity without multi-expansion)
and optimum cases for 50, 100, 150 and 200 t (Fig. 3.3) are listed in Tables 4.2 and 4.3
for the charging and discharging regimes, respectively. The criteria for selecting the best
option is based on the magnitude of the mains indexes and indicators, for instance, the
lowest specific exergy consumption and the highest specific air liquid yield and efficiencies.
It is observed that the benefit of producing both electrical and cooling exergy loads in
CES systems is confirmed by comparing the exergy efficiency and the exergy utilization
factor. For every storage capacity, the optimum 𝐸𝑥𝑈𝐹 is about 20 % higher than 𝜂𝑒𝑥𝑒.
The optimal values of the recovered electrical exergy vary from 19.0 to 21.6 %, whilst for
cogeneration, the electrical and cooling loads (round-trip efficiency) varies between 40.41
and 41.92 %.

In Appendix D, the results of thermodynamic optimization, for operation modes
A, B and C, are listed in Tables D.1 and D.2. Referring to Table D.1, the CES systems
with the operation modes B and C bring about the highest liquid air yield and the lowest
specific exergy consumption. The specific liquid air yield for modes B and C is on average
16.1 % higher than operation mode A. Referring to Table D.2, the round-trip efficiency for
the simultaneous operation of the charging and discharging regimes range from 39.14 % to
43.67 %, whilst for the separate operation of the aforementioned processes the round-trip
efficiency varies from 34.3 % to 35.87 %.
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Table 4.2 – Optimization results for charging regime for different capacities of the cryogenic
tank.

Parameter Unit Base case 50 t 100 t 150 t 200 t

Specific liquid yield (y) 𝑘𝑔𝐿/𝑘𝑔𝑎 0.277 0.310 0.313 0.315 0.320
Diverted air mass fraction (𝛼) - 0.654 0.675 0.677 0.680 0.680
Effectiveness of the HE (𝜀) - 0.96 0.97 0.97 0.97 0.98
Specific exergy consumed (𝑒𝑛) 𝑘𝑊ℎ/𝑘𝑔𝐿 0.812 0.764 0.754 0.751 0.744
Charging time (Δ𝜏𝑐ℎ) h 3.41 3.58 3.56 3.74 3.77
Exergy efficiency (𝜂𝑒𝑥𝑒) % 26.8 26.9 27.0 27.1 27.3
Exergy utilization factor (𝐸𝑥𝑈𝐹 ) % - 50.1 50.7 51.0 51.1
Net electrical exergy consumed 𝑀𝑊ℎ 41.78 37.15 72.48 108.05 142.29
Net exergy consumed (cogeneration) 𝑀𝑊ℎ - 28.63 57.80 102.52 141.55

Table 4.3 – Optimization results for discharging regime for different capacities of the
cryogenic tank.

Parameter Unit Base case 50 t 100 t 150 t 200 t

Exergy density (𝐸𝐷) 𝑘𝑊ℎ/𝑚3 85.0 123.7 130.3 130.4 134.3
Electrical efficiency (𝜂𝑒𝑙) % - 81.0 82.7 82.7 83.1
Discharging time (Δ𝜏𝑐ℎ) h 3.29 1.37 1.35 1.38 1.37
Time ratio (𝑟𝑡) - 1.04 2.61 2.64 2.71 2.75
Exergy efficiency (𝜂𝑒𝑥𝑒) % 50.3 60.2 62.4 62.6 63.4
Exergy utilization factor (𝐸𝑥𝑈𝐹 ) % - 85.2 86.0 86.2 86.3
Net electrical exergy generated 𝑀𝑊ℎ 4.86 7.07 14.89 22.35 30.68
Net exergy generated (cogeneration) 𝑀𝑊ℎ - 11.57 23.70 42.57 59.34
Specific exergy generation 𝑀𝑊ℎ/𝑡 - 0.231 0.237 0.284 0.297
Round-trip efficiency % 11.6 19.0 20.5 20.7 21.6
Round-trip efficiency (cogeneration) % - 40.4 41.0 41.5 41.9

4.7 Results of economic analysis.
In this section, the results about the economic feasibility of the three alterna-

tives running under different operation modes are discussed. The optimum conditions
corresponding to the thermodynamic evaluation are used to obtain the economic results.
Additionally, the interest rate (𝑖) considered for some analysis is 6 % when it is not specified.
Fig. 4.41 shows the gross average annual revenue for life-cycle of each CES system as
result of selling electricity and cooling load for different capacities of the cryogenic tank
. For all operation modes, the annual revenue increases as the cryogenic tank capacity
increases, according to a proportional relationship. Furthermore, for every capacity, mode
C exhibits gross incomes (Eq. 3.80) higher than modes A and B in 2.1 % as average. As
can be observed, for every alternative, the larger gross income is obtained from the sale of
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electricity which represents about 91.9 % from the total.

 

Figure 4.41 – Average annual revenue accounting for selling electricity and cooling load.

Figure 4.42 indicates as cryogenic tank capacity increases, the average annual
revenue of every operation mode also increases. It is observed that operation modes B and
C are more profitable than operation mode A. It suggests that the simultaneous operation
of the charging and discharging processes (modes B and C) produces a significant reduction
in power consumption by the compressor, which translates into a shortening in the cost of
electricity. Additionally, as the specific liquid yield for modes B and C are higher than A,
annual revenue for selling liquid air from these two alternatives are superior to mode A.
These results point out that revenue does not only depend on the size or capacity of the
cryogenic tank, therefore also depends on the simultaneity of operation of the charging
and discharging cycles.

The effect of storage capacity on NPV for every operation mode is shown in
Fig. 4.43 for reheat temperature of 600 K. The results indicate to achieve a favorable NPV,
cryogenic tank capacity must be equal to or greater than 100 t for operation modes B and
C. However, when liquid air is considered for selling (Fig. 4.44), the three operation modes
(A, B and C) are profitable from a storage capacity of 100 t. It is clear that operation
modes B and C are found to be significantly more profitable than operation mode A.
These results reinforce the hypothesis about the economic viability in the simultaneous
operation of the charging and discharging processes in CES systems in cogeneration regime.
The uncertainty analysis is conducted to evaluate the impacts of the uncertainties of the
electricity tariffs on the feasibility of every alternative through the NPV. It can be observed
that the uncertainty for operation modes B and C are greater than that of operation
mode A. For the highest storage capacity, the uncertainty for modes B and C are 12.5 and
13.2 %, respectively. These results suggest that these alternatives remain cost-effective
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Figure 4.42 – Average annual revenue accounting for selling electricity, liquid air and
cooling load.

for a scenario of uncertainties in electricity tariffs at peak and off-peak times of 81.2 and
18.8 %, respectively.

 

Figure 4.43 – Effect of cryogenic tank capacity on NPV for every operation mode account-
ing for selling electricity and cooling load.

The variation of NPV with respect to the interest rate is illustrated in Fig. 4.45 for
a reheat air temperature and a cryogenic tank capacity of 600 K and 200 t, respectively.
For every alternative, NPV sharply drops with the increase in the interest rate. The results
suggest that the profitability of operation modes B and C can be obtained with a 2 %
up to 8 % of interest rate. For further increase of the interest rate (≥10 %), none of
the alternatives can be profitable. The simultaneous performance of the charging and
discharging cycles (modes B and C) show to be more profitable than the CES system (mode
A) with the intermittent operation of the liquefaction and expansion processes. It is worth
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Figure 4.44 – Variation of NPV with cryogenic tank capacity for every operation mode
accounting for selling electricity, liquid air and cooling load.

highlighting that NPV is highly sensitive to the interest rate in an inversely proportional
relationship. In addition, the uncertainty analysis shows that the three alternatives continue
to be feasible for an interest rate between 2 % and 4 %.

 

Figure 4.45 – Effect of interest rate on NPV for each operation mode accounting for selling
electricity and cooling load.

The influence of reheat temperature on NPV is presented in Fig. 4.46 for an
interest rate of 6 % and 200 t of storage capacity. It can be observed that, as the reheat
temperature scales up, the NPV increases, with a better profitability for operation mode C,
which increases from $18.03 millions to $36.94 millions for a reheat temperature increment
of 100 K. In addition, all alternatives are profitable from reheat temperature of 600 K.
However, for options B and C to be profitable at a reheat temperature of 500 K, the
interest rate must be equal to or lower than 4 %. The variation of (B/C) with reheat
temperature (Fig. 4.47) is directly related with the results of Fig. 4.46. Specifically, the
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(B/C) values less than the unit correspond to the negative NPVs for reheat temperature of
400 K and 500 K. In other words, when the benefits dot not exceed the costs (B/C<1), the
profitability of the projects is compromised. All these results indicate that the feasibility of
the projects (operation modes A, B and C) strongly depends on the reheating temperature.

 

Figure 4.46 – Influence of reheat air temperature on NPV for every operation mode
accounting for selling electricity and cooling load.

 

Figure 4.47 – Variation of benefit to cost ratio (B/C) with reheat temperature for every
operation mode accounting for selling electricity and cooling load.

Figure 4.48 shows the variation of the payback period with the storage capacity for
an interest rate of 6 % and a reheat temperature of 600 K. It is observed that, the higher
the storage capacity the lower the payback period. The payback period for operation mode
C is the lowest among the three alternatives. When the storage capacity varies from 50 t
to 200 t, the payback period is shortened from 20.87 to 15.22 years for operation mode
C. Moreover, operation mode B presented a payback period, for every storage capacity,
slightly higher than alternative C, suggesting it is economically viable the simultaneous
operation of the charging and discharging cycles when compared to the separate operation
of the two cycles (operation mode A).
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Figure 4.48 – Variation of payback period with cryogenic tank capacity for each operation
mode accounting for selling electricity and cooling load.

Table 4.4 – Specific investment cost ($/𝑘𝑊 ), IRR (%) and PBP (year) for different capac-
ities of the cryogenic tank.

Cryogenic tank capacity ($/𝑘𝑊 ) (IRR, %) (PBP, year)

A B C A B C A B C

50 t 1541.35 1301.39 1301.39 2.68 4.30 4.50 24.71 21.32 20.87

100 t 1165.46 991.99 991.99 4.82 6.53 6.64 21.05 17.78 17.60

150 t 1013.69 865.77 865.77 5.70 7.61 7.69 19.76 16.35 16.23

200 t 912.20 782.27 782.27 6.35 8.44 8.51 18.84 15.30 15.22

Table 4.4 shows the variation of the specific investment cost, IRR and PBP with
respect to the storage capacity for each operation mode, assuming an interest rate of 6 %
and reheat temperature of 600 K. It can be observed from Table 4.4 that for every storage
capacity, the operation modes B and C are more profitable than mode A. For instance, the
specific investment cost for operation mode A is about 15.5 % higher than that the other
two alternatives. This result is due to the increase in available power when considering
the simultaneous operation of the charging and discharging cycles. The internal rate of
return (IRR) is favorable for operation mode C when it is compared to the other two
alternatives. That is, the interest rate earned for mode C on the time-varying of the project
life, for a storage capacity of 200 t, is 8.51 %, which is 24.4 % and 0.8 % superior to
that of the operation modes A and B, respectively. For every indicator, the profitability
increases when increasing the scale of the CES system, suggesting it is viable to design
large cogeneration CES systems instead of small plant sizes.

The levelized cost of produced liquid air and specific exergy consumption as a
function of the storage capacity for every operation mode are shown in Fig. 4.49 for an
interest rate of 6 % and reheat temperature of 600 K. The LCOL for operation modes
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B and C are significantly lower than mode A for each storage capacity. For the whole
life of projects B and C the LCOL at 200 t are 6.95 and 6.82 ¢𝑈𝑆𝐷/𝑘𝑔𝐿, respectively.
Whilst for operation mode A, this indicator is as average 34.7 % higher than the other
two options. These results are consistent with the specific exergy consumption, that is, for
operation modes B and C the exergy required to produce the unit of liquid air is on average
0.4805 𝑘𝑊ℎ/𝑘𝑔𝐿, which is 16.8 % lower than operation mode A. The operation of the
liquefaction circuit during the discharge process for operating mode B (Fig. 3.5) generates
additional expenses that lead to a higher cost of the final products, that is why the LCOL
for alternative C is slightly lower than B. However, the operation mode B is superior to
mode A and the complementary benefit in the simultaneous operation of the charging and
discharging processes must be evaluated from the improvement of the thermal inertia of
the CES system and its ability to perform an inversion process in a short time, that is,
the transition from the charging to discharging process or vice versa. In this research, the
thermal inertia and the effectiveness of the inversion process are not evaluated. From the
observations earlier, it can be noticed that the specific investment cost and liquid yield are
also determinants in the levelized cost of liquid air. Since operation modes B and C have
a lower specific cost of investment and a higher liquid yield than A, the LCOL of these
two options is more profitable, which produces a positive impact on the economic viability
of the projects. In [215] the authors optimized a hydrogen liquefaction process integrated
with LNG and found a levelized cost of hydrogen ranged from 2.97 $/𝑘𝑔𝐿 to 5.46 $/𝑘𝑔𝐿.
For hydrogen, this result is appropriate considering its low boiling point (20.2 K), which
leads to a high energy consumption during liquefaction process and, consequently, an
increase of its levelized cost.

 

Figure 4.49 – Levelized cost of liquid air and specific exergy consumption as a function of
cryogenic tank capacity for every operation mode.

Figures 4.50, 4.52 and 4.54 show, for operation modes A, B and C, respectively,
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the trend of the LCOS as round-trip efficiency and electricity tariff in off-peak time vary.
It is observed that the LCOS decreases significantly with increasing round-trip efficiency
and decreasing the electricity tariff. Under these conditions, every alternative becomes
more attractive. In addition, for higher electricity tariffs, the round-trip efficiency becomes
relevant in order to keep down the levelized cost of storage. The minimum value of LCOS
for operation modes A, B and C are 0.252 $/𝑘𝑊ℎ, 0.248 $/𝑘𝑊ℎ and 0.236 $/𝑘𝑊ℎ,
respectively. In [122] the authors compared liquid air energy storage (LAES for Claude
cycle) and pumped thermal electricity storage (PTES) systems using a thermo-economic
approach. The study showed that the average total LCOS for LAES and PTES systems
were found to be 0.290 $/𝑘𝑊ℎ and 0.380 $/𝑘𝑊ℎ, respectively for off-peak electricity
price of 0.03 $/𝑘𝑊ℎ. Even though economic conditions vary from region to region, these
results are respectively, as average, 15.5 % and 35.5 % higher than the results obtained
in this study. The authors also found LAES more restricted to location due to energy
cost and more vulnerable to market fluctuations of electricity costs. This scenario has
matching points with respect to the Brazilian energy market, where the electricity price
varies significantly among regions and throughout the year [234, 235]. This variability can
affect the economic feasibility of the proposed CES systems, that is why higher round-trip
efficiencies are required to make this technology cost-effective and more competitive.

Another study [119] presented a techno-economic comparative analysis of different
hybrid CES systems and results shown that the adiabatic CES system integrated with
the combustion of LNG and the CES waste heat recovery system exhibited a LCOS of
0.161 e/𝑘𝑊ℎ and 0.171 e/𝑘𝑊ℎ, respectively. Kim et al. [92] studied a CES system inte-
grated with LNG and combustion and found the LCOS ranging from 0.142 to 0.190 $/𝑘𝑊ℎ.
It is evident that the integration of CES systems to other technologies significantly reduces
the LCOS. For stand-alone CES systems this indicator can achieve 0.300 $/𝑘𝑊ℎ [122] or
depending on the round-trip efficiency and the scenario can be ranged from 0.191 £/𝑘𝑊ℎ

to 0.590 £/𝑘𝑊ℎ for commercial CES plants [108].

The variation of the levelized cost of electricity and cooling (LCOC) with respect
to cogeneration round-trip efficiency and electricity tariff in off-peak time for operation
modes A, B and C are illustrated in Figs. 4.51, 4.53 and 4.55, respectively. For the
lowest electricity tariff and the highest efficiency, the LCOC for operation modes A, B
and C are 0.245 $/𝑘𝑊ℎ, 0.238 $/𝑘𝑊ℎ and 0.231 $/𝑘𝑊ℎ, respectively. It is noticed that
LCOC strongly depends on cogeneration round-trip efficiency. The existing literature on
cogeneration CES systems are not abundant and only a few deal with economic issues.
Tafone et al. [121] performed a comparative analysis between a stand-alone CES system
and an integrated CES with organic Rankine cycle (CES-ORC). The study shown that the
integrated system can achieve a LCOC in cogeneration regime of 0.437 e/𝑘𝑊ℎ, whilst for
the stand-alone CES system the indicator reached a value of about 0.480 e/𝑘𝑊ℎ. Gao et
al. [163] proposed a novel CES trigeneration system based on the liquid air energy storage.
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Figure 4.50 – Influence of electricity tariff in off-peak time and round-trip efficiency on
levelized cost of electricity storage for operation mode A (𝑖 = 6 % and
𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

 

Figure 4.51 – Effect of electricity tariff in off-peak time and cogeneration round-trip
efficiency on levelized cost of electricity and cooling for operation mode A
(𝑖 = 6 % and 𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

According to the authors, the system is able to storage the off-peak electricity and supply
the heating, cooling and power at the peak time. The study evaluated, among others
aspects, the levelized cost of energy in five regions at different seasons and accounted values
ranging from 0.110 $/𝑘𝑊ℎ to 0.130 $/𝑘𝑊ℎ. In general, it is observed that levelized costs
of energy are highly influenced by the technologies (stand-alone CES system or integrated
CES system), electricity prices (off-peak and peak times), operation strategies, legislation
to encourage the use of CES systems, heating and cooling loads prices and environmental
conditions of the region.

The sensitivity analyses of the NPV for operation mode C are shown in Figs. 4.56
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Figure 4.52 – Influence of electricity tariff in off-peak time and round-trip efficiency on
levelized cost of electricity storage for operation mode B (𝑖 = 6 % and
𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

 

Figure 4.53 – Effect of electricity tariff in off-peak time and cogeneration round-trip
efficiency on levelized cost of electricity and cooling for operation mode B
(𝑖 = 6 % and 𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

and 4.57. The analyses are performed by fixing a reference scenario which is given in
Table 4.5 and changing the indexes and indicators by ±50 %. As Fig. 4.56 illustrates the
NPV is highly sensitive to round-trip efficiencies, electricity tariffs, the economic life of
the technology, interest rate and the number of cycles per year. It can be observed that
the highest negative impact on NPV is accounted for the electrical round-trip efficiency.
Similarly, the NPV is negative in reducing the cogeneration round-trip efficiency and the
electricity tariff at peak time. The feasibility of the project is significantly positive when
increasing efficiencies. For this, the NPV reaches values of $236 million and $225 million by
increasing cogeneration round-trip efficiency and electrical round-trip efficiency, respectively.
Moreover, the reduction of the electricity price at off-peak time is shown to have an
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Figure 4.54 – Influence of electricity tariff in off-peak time and round-trip efficiency on
levelized cost of electricity storage for operation mode C (𝑖 = 6 % and
𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

 

Figure 4.55 – Effect of electricity tariff in off-peak time and cogeneration round-trip
efficiency on levelized cost of electricity and cooling for operation mode C
(𝑖 = 6 % and 𝑐𝑦 = 4 𝑐𝑦𝑐𝑙𝑒𝑠/𝑑𝑎𝑦).

appreciable impact, which produces a NPV of $150 million. Likewise, the interest rate has
similar behavior, but the accumulated wealth in the useful life of the project is superior,
that is, the NPV is $157 million. The meaningful variation in NPV due to the change
in the economic life of the technology and the number of cycles per year suggests the
continuous operation of the CES system in order to be profitable. This aspect reinforces
the proposal on the simultaneous operation of the charging and discharging processes.

From Fig. 4.57 it can be seen that the NPV does not reach negative values when
indexes and indicators change by ±50 %. The most impacting parameters on NPV are the
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Table 4.5 – Indexes and indicators for the reference scenario.
Parameter Unit Value Ref.

Economic life year 30 [121, 109]
Cost of cooling load $/𝑘𝑊ℎ𝑡ℎ 0.059 [163]
Cost of waste heat $/𝑘𝑊ℎ𝑡ℎ 0.0098 [163]
Cost of liquid air $/𝑘𝑔𝐿 0.32 [165]
Electricity tariff on peak time $/𝑘𝑊ℎ𝑒 0.2249 [164]
Electricity tariff off-peak time $/𝑘𝑊ℎ𝑒 0.0897 [164]
Interest rate % 6 [163]
Number of cycle per year cycles/year 1460 -
Electrical round-trip efficiency % 45.0 -
Cogeneration round-trip efficiency % 62.6 -

 

Figure 4.56 – Sensitivity analysis for the NPV varying the main parameters by ±50 % for
operation mode C, accounting for selling electricity and cooling income.

round-trip efficiencies, interest rate, cost of liquid air, electricity price, economic life and
number of cycles per year. The variation of the costs of the waste heat and cooling load
do not have a great influence on the NPV.
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Figure 4.57 – Sensitivity analysis for the NPV varying the main parameters by ±50 % for
operation mode C, accounting for selling electricity, liquid air and cooling
income.
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5 Conclusion, limitations and suggestions for
further research

Cryogenic energy storage system is expected to play an important role in energy
production in the coming years. This technology presents higher volumetric energy density
than other storage technologies, long useful life (>30 years), and no geographical constraints.
It is based on standard components that are easily found in the gas industry. It can also
be integrated into the industry, power stations and in transport and service sectors. CES
system can be used to optimize electricity bills by charging at off-peak hours or times of
low prices and discharging during peak hours when prices are high. Another advantage is
that it can contribute to power grid stability by responding to imbalances in electrical
energy production and consumption. The low round-trip efficiency and the absence of
deeply founded economic studies constitute the main limitations to spread this technology
in the energy market.

This research aimed to enhance the thermodynamic and economic performance
of CES systems through the simultaneous operation of the charging and discharging
processes, implementation of cogeneration and their integration with an external energy
source. An extensive literature review was carried out to identify the main knowledge
gaps about the development of CES systems, which provided opportunities for scientific
contribution. The layout of the baseline CES system was modified taking into account its
operating constraints. In order to demonstrate the viability of the simultaneous operation
of the storage and discharge regimes, four CES systems were evaluated and compared.
A systematic mathematical model to describe and understand the optimal operation
conditions of CES systems was developed. In addition, a sensitivity analysis and multi-
objective optimization procedures were performed. Finally, an economic analysis of three
alternatives of CES systems was carried out and the results were verified with the findings
of other researches.

5.1 Conclusions.

1. The modeling results suggested that diverted air mass fraction, discharge compressor
pressure and effectiveness of the heat exchangers significantly affect the liquefaction
process. The maximum diverted air mass fraction was found in a range from 0.65
to 0.72. The modification of the layout of the baseline CES cycle, specifically, the
application of two expansions in the turbine of the liquefaction section and the
substitution of the expansion valve for a hydraulic cryogenic turbine contributed to
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increase the specific liquid air yield from 0.250 𝑘𝑔𝐿/𝑘𝑔𝑎 to 0.412 𝑘𝑔𝐿/𝑘𝑔𝑎. This result
led to a significant reduction of the charging time, and consequently increased the
number of cycles per year. The use of a hydraulic turbine instead of an expansion
valve produced, on average, an increase of specific liquid air yield of 0.091 𝑘𝑔𝐿/𝑘𝑔𝑎.
Additionally, the simultaneous operation of the charging and discharging processes
was found a viable option to improve the liquefaction process, which provided a
supplementary cooling load during both storage and discharge regimes.

2. With the use of multi-expansion turbines in the cogeneration CES system, the energy
production during the discharging regime was increased in 45.5 %, whilst for charging
regime the net energy consumed was reduced in 19.91 %. The simultaneous operation
of the storage and discharge regimes also had a relevant contribution in these
results, which led to reduce the specific exergy consumption from 0.695 𝑘𝑊ℎ/𝑘𝑔𝐿 to
0.410 𝑘𝑊ℎ/𝑘𝑔𝐿 for effectiveness of the heat exchanger >0.92. Moreover, the exergy
density was highly benefited with this operation option and achieved an optimal
value of 134.3 𝑘𝑊ℎ/𝑚3 for a cryogenic tank capacity of 200 t, pump pressure of
20 MPa and reheat temperature of 600 K. This exergy density was higher than that
reported for other storage technologies, such as CAES and SMES.

3. The integration of CES systems with waste heat sources and the implementation of
cogeneration resulted in a significant improvement in round-trip efficiency. For the
comparison of the three operation modes in the cogeneration regime, the round-trip
efficiency for alternatives B and C achieved 40.3 and 43.7 %, respectively, which
represented 4.4 and 7.8 % higher than that of operation mode A. The substitution of
the expansion valve for a hydraulic turbine led to increasing the round-trip efficiency
from 41.9 % to 46.8 %. Likewise, the round-trip efficiency in the cogeneration regime
resulted in 50 % higher on average than that of accounting only for electrical energy.
As shown in the discussion section, the round-trip efficiency for generating both
electricity and cooling load could be ranged from 74.3 % to 98.6 % if the time ratio
equals the unit. The exergy utilization factor, for operation mode C, reached a value
of 89.2 % for waste heat temperature of 600 K and outlet pump pressure of 20 MPa.
This factor value resulted in 4 % higher than that of the cogeneration CES cycle with
expansion valve. Overall, the simultaneous operation of the charging and discharging
processes was found a viable option to improve the round-trip efficiency of CES
systems.

4. The economic profitability of CES systems was found to be highly sensitive to system
scale, interest rate, electricity tariff, efficiency and waste heat temperature. The
payback period for operation modes B and C reached 15.3 and 15.2 years, respectively
for CES system scale of 200 t of cryogenic tank capacity, interest rate of 6 % and
reheat air temperature of 600 K. These results were comparatively lower than the



Chapter 5. Conclusion, limitations and suggestions for further research 143

payback period for alternative A, which achieved 18.8 years at the same conditions.
A higher specific investment cost was found for operation mode A (912.2 $/𝑘𝑊ℎ)
than operation modes B and C (782.2 $/𝑘𝑊ℎ) for the maximum storage capacity
evaluated in this research. Likewise, the simultaneous operation of the charging and
discharging processes was shown to have the highest IRR with values of 8.44 % and
8.51 % for operation modes B and C, respectively.

5. The operation modes B and C were found to be economically more feasible than
operation mode A. With regard to the NPV, for a waste heat temperature of 600 K
and an interest rate of 6 %, the operation modes B and C presented a positive NPV
of $17.5 and $18.2 million, respectively. These results were higher on average than
that of the operation mode A in 85.4 and 86.1 %, respectively. The NPV showed to
be highly affected by interest rate, electricity tariff, round-trip efficiency, economic
life of technology and the number of cycles per year when those parameters varied
±50 %. In general, the simultaneous operation of the storage and discharge processes
showed its superiority compared to the separate performance of the two regimes.

6. The attractiveness of the CES systems were significantly improved when 20 % of
liquid air production was considered as a marketable product. With this regard,
the NPV for operation mode C rose from $76.1 million, considering electricity
and cooling load as final products, to $134.1 million when liquid air was added in
the commercialization program of the project. This shows the great potential of
CES systems to enhance their economic viability when other final products can
be considered. CES systems could supply liquid air to a cryogenset for electricity
production, refrigerated trucks for transporting food and hybrid vehicles. These
represent some examples of the wide market that CES systems have. The LCOL for
operation modes B and C, considering interest rate of 6 % and waste heat temperature
of 600 K, were found to be 6.95 and 6.82 ¢/𝑘𝑔𝐿, respectively. While operation mode
A achieved a LCOL of 10.57 ¢/𝑘𝑔𝐿. That is, the specific cost of liquid air at which it
must be sold to break even over the useful life of the project was significantly lower
for the simultaneous operation of the storage and discharge processes. In general,
the results corroborate the thermodynamic and economic feasibility of operating the
storage and discharge processes simultaneously in cogeneration CES systems.

5.2 Limitations of this research.

1. Despite verification the model and results with other investigations, this study was
developed through theoretical fundamentals. The processes of compression, heat
transfer, storage and expansion in the liquefaction section require experimental
studies to characterize the inversion process during the transition of one regime
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to another in order to deeply survey the simultaneity of the storage and discharge
processes.

2. With the exception of the cryogenic tank, all components of the CES systems were
simulated under steady-state conditions. The application of the simultaneity of the
storage and discharge processes, the off-design operation, start up and shut down
for CES systems imply the variation in time of the working fluid mass flow rate,
the operative parameters and consequently the fluid properties. Therefore, in order
to improve the accuracy of the results, a dynamic simulation research should be
undertaken.

3. In this research, the pressure drop through the pipe lines and equipments was
neglected. However, the thermodynamic and economic results of CES systems
may significantly be modified when pressure changes through the whole cycle.
Consequently, the pressure drop should be considered for further studies to improve
the prediction of the CES systems performance.

4. For the economic analysis, the electricity tariff was the only cost uncertainty consid-
ered. In fact, other sources of uncertainty, such as maintenance cost, interest rate
and cost of liquid air should be included in an economic optimization study. These
uncertainties may influence the economic feasibility of CES systems. Additionally, the
uncertainty analysis should be also extended to the thermodynamic mathematical
modeling in order to verify the amplitude of variation of the main indexes and
indicators as a result of the sources of uncertainties.

5.3 Suggestions for further research.
Despite the positive results obtained in this research, more studies are required to

evaluate and optimize CES systems and make possible their introduction in the energy
market. Taking into account the main findings and limitations of this study, the following
research activities can be addressed.

1. Experimental investigations of the main processes involved in the liquefaction section
is required, i.e. compression, heat transfer, expansion and storage. The integration
of these processes to assess the simultaneity of the storage and discharge regimes
is highly important. In addition, these experiments could be used to validate the
performance of CES systems. In this case, the compression process must be evaluated
for partial load, variable discharge pressure, and different inlet air temperatures in
order to describe the compressor’s performance. At the same time, the validation
of a mathematical model to predict the heat transferred from the surroundings to
the heat exchangers and the effectiveness will be required considering different types
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of arrangements, materials, and the non-uniformity of fluid temperatures. Under
this condition, it is recommended to evaluate the cryogenic turbines performance,
computing power generation, and efficiency. The study in the storage tank should
be aimed at quantifying the heat transferred from the environment and its thermal
inertia to verify the response speed during the inversion process, that is, from the
charging regime to discharging and vice versa.

2. Dynamic simulation of the whole CES system involving compressor, cryogenic
tank, heat exchanger, and cryogenic turbines. The integration of CES technology
with renewable energy sources, which are intermittent and unpredictable, especially
solar and wind, supported by dynamic study, may contribute to improving the
understanding of the impacts of CES systems on the electrical network. Likewise, the
simultaneity of the storage and discharge processes could be more deeply studied.

3. Assessment of the integration of CES systems with organic Rankine cycle (ORC),
refrigeration cycles, LNG terminal, renewables technologies and CHP plants. The
integration of CES systems with other technologies may significantly improve their
thermodynamic and economic feasibility. A further improvement could be imple-
mented on the evaluated CES systems if the first expanded stream from T-1 is
drawn in to the second heat exchanger (HE-2) instead of releasing the cold exergy
to the environment. Furthermore, environmental and life cycle analysis could also be
assessed with the integration of CES systems.

4. Economic analysis and optimization to assess the feasibility of CES systems, ac-
counting for multiple sources of revenue and the main uncertainties. The costs
of equipment, operation, maintenance, electricity, and others vary significantly in
different regions and future markets, that is why a precise procedure should be
required to update all relevant information in order to reduce the uncertainties.
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Table A.1 – Thermodynamics properties and parameters for charging regime.
No 𝑚̇ T P 𝜐 h s u 𝑒𝑥 x

(kg/s) (K) (MPa) (𝑚3/𝑘𝑔) (kJ/kg) (kJ/kgK) (kJ/Kg) (kJ/Kg) -
1 6.0 298.15 0.1 0.8440 298.2 6.858 212.8 0.00
2 6.0 298.15 5.0 0.0169 287.5 5.707 202.9 332.47
3 6.0 221.10 5.0 0.0118 200.6 5.369 141.7 346.35
4 2.4 221.10 5.0 0.0118 200.6 5.369 141.7 346.35
5 2.4 174.70 5.0 0.0081 139.4 5.056 98.9 378.47
6 2.4 120.20 5.0 0.0015 -37.9 3.808 -45.5 574.53
7 2.4 80.12 0.1 0.0944 -37.9 4.078 -47.9 492.20 0.4292
8 1.5 81.75 0.1 0.2225 78.7 5.538 56.2 174.06
9 1.5 118.60 0.1 0.3317 117.3 5.928 83.63 96.40

10 5.1 144.50 0.1 0.4065 143.6 6.129 102.4 62.83
11 5.1 196.30 0.1 0.5546 195.9 6.438 139.7 22.92
12 5.1 288.10 0.1 0.8158 288.3 6.824 205.5 0.24
13 3.6 221.10 5.0 0.0118 200.6 5.369 141.7 346.35
14 3.6 136.70 1.0 0.0359 126.4 5.369 90.5 272.15
15 3.6 298.15 1.0 0.0853 298.4 6.202 211.0 195.79
16 3.6 155.35 0.1 0.4377 154.6 6.202 110.3 51.98
17 0.1 78.95 0.1 0.0011 -126.1 2.978 -126.2 732.52
18 0.1 83.55 20.0 0.2223 -103.3 2.982 56.2 754.13
19 0.1 130.10 20.0 0.0014 -17.6 3.796 -45.7 597.14
20 0.1 170.20 20.0 0.0019 60.5 4.319 22.7 519.30
21 0.1 210.15 20.0 0.0027 135.4 4.716 82.2 475.84
22 0.1 290.00 20.0 0.0043 252.9 5.193 167.8 451.12
23 0.1 400.00 20.0 0.0062 385.6 5.583 261.9 467.54
24 0.1 368.10 15.0 0.0073 352.2 5.583 242.0 434.14
25 0.1 400.00 15.0 0.0080 388.3 5.677 267.6 442.21
26 0.1 355.45 10.0 0.0104 342.9 5.677 238.9 396.82
27 0.1 400.00 10.0 0.0118 391.8 5.807 273.6 406.96
28 0.1 327.10 5.0 0.0188 318.8 5.807 225.0 333.96
29 0.1 400.00 5.0 0.0232 396.1 6.020 279.9 347.75
30 0.1 129.75 0.1 0.3642 128.7 6.020 91.8 80.35
31 0.1 285.8 0.1 0.8093 285.9 6.816 203.9 0.27
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Table A.2 – Thermodynamics properties and parameters for discharging regime.
No 𝑚̇ T P 𝜐 h s u 𝑒𝑥 x

(kg/s) (K) (MPa) (𝑚3/𝑘𝑔) (kJ/kg) (kJ/kgK) (kJ/Kg) (kJ/Kg) -
1 0.4 298.15 0.1 0.8440 298.2 6.858 212.8 0.00
2 0.4 298.15 5.0 0.0169 287.5 5.707 202.9 332.47
3 0.4 220.70 5.0 0.0118 200.2 5.367 141.4 346.54
4 0.2 220.70 5.0 0.0118 200.2 5.367 141.4 346.54
5 0.2 170.20 5.0 0.0077 132.3 5.015 94.0 383.59
6 0.2 128.10 5.0 0.0017 -16.8 3.978 -25.3 543.80
7 0.2 80.41 0.1 0.1191 -16.8 4.344 -28.9 434.74 0.5334
8 0.1 81.75 0.1 0.2022 78.7 5.538 39.7 174.10
9 0.1 118.60 0.1 0.3317 117.3 5.928 83.67 96.40

10 0.3 143.10 0.1 0.4024 142.2 6.119 101.4 64.40
11 0.3 196.30 0.1 0.5548 195.9 6.438 139.7 22.92
12 0.3 288.00 0.1 0.8157 288.2 6.824 205.5 0.14
13 0.2 220.70 5.0 0.0118 200.2 5.367 141.4 346.54
14 0.2 136.45 1.0 0.0358 126.2 5.367 90.4 272.54
15 0.2 298.15 1.0 0.0859 298.4 6.202 212.5 195.79
16 0.2 155.35 0.1 0.4377 154.6 6.202 110.3 51.99
17 3.5 78.95 0.1 0.0011 -126.1 2.978 -126.2 732.52
18 3.5 83.55 20.0 0.2223 -103.3 2.982 56.2 754.13
19 3.5 85.00 20.0 0.0011 -100.8 3.012 -123.2 747.68
22 3.5 298.15 20.0 0.0044 263.4 5.229 175.3 450.89
23 3.5 400.00 20.0 0.0062 385.6 5.583 261.9 467.54
24 3.5 368.05 15.0 0.0073 352.2 5.583 242.0 434.14
25 3.5 400.00 15.0 0.0080 388.3 5.677 267.6 442.21
26 3.5 355.45 10.0 0.0104 342.9 5.677 238.9 396.82
27 3.5 400.00 10.0 0.0118 391.8 5.807 273.6 406.96
28 3.5 327.05 5.0 0.0188 318.8 5.807 225.0 333.96
29 3.5 400.00 5.0 0.0232 396.1 6.020 279.9 347.75
30 3.5 129.85 0.1 0.3642 128.7 6.020 91.8 80.35
31 3.5 285.8 0.1 0.8093 285.9 6.816 203.9 0.27
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Table C.1 – Exergy performance results for CES system components for charging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 2292.90 1994.82 298.08 42.05 5.0178 87.00
Heat exchanger 1 1134.22 1081.53 52.69 7.43 0.8870 95.35
Heat exchanger 2 402.37 375.04 27.33 3.86 0.4601 93.21
Heat exchanger 3 796.13 752.85 43.28 6.11 0.7286 94.56
Turbine 1 784.8 706.32 78.48 11.07 1.3211 90.00
Turbine 3 41.92 37.73 4.19 0.59 0.0705 90.00
Expansion valve 200.32 5.36 194.96 27.51 3.2819 2.68
Cryogenic pump 2.92 2.16 0.76 0.11 0.0128 73.97
Evaporator 2.47 2.26 0.21 0.03 0.0035 91.50
Heater 1 3.38 1.64 1.74 0.25 0.0293 48.52
Heater 2 0.92 0.81 0.11 0.02 0.0019 88.04
Heater 3 1.25 1.01 0.24 0.03 0.0040 80.80
Heater 4 1.97 1.38 0.59 0.08 0.0099 70.05
Heater 5 274.89 268.74 6.15 0.87 0.1035 97.76
Total 5940.46 5231.65 708.81 100.00 11.9319 88.07

Table C.2 – Exergy performance results for CES system components for discharging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 152.86 132.99 19.87 2.99 0.6043 87.00
Heat exchanger 1 76.02 73.51 2.51 0.38 0.0763 96.70
Heat exchanger 2 27.43 26.83 0.6 0.09 0.0182 97.81
Heat exchanger 3 81.27 68.77 12.5 1.88 0.3802 84.62
Turbine 1 52.27 47.04 5.23 0.79 0.1591 89.99
Turbine 3 1467.20 1320.48 146.72 22.10 4.4621 90.00
Expansion valve 18.00 0.57 17.43 2.63 0.5301 3.17
Cryogenic pump 102.31 53.07 49.24 7.42 1.4975 51.87
Evaporator 1038.79 714.00 324.79 48.92 9.8777 68.73
Heater 1 108.90 58.29 50.61 7.62 1.5392 53.53
Heater 2 32.17 28.26 3.91 0.59 0.1189 87.85
Heater 3 43.58 35.49 8.09 1.22 0.2460 81.44
Heater 4 68.89 48.28 20.61 3.10 0.6268 70.08
Heater 5 18.42 16.56 1.86 0.28 0.0566 89.90
Total 3288.11 2624.14 663.97 100.00 20.1931 79.81
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Table C.3 – Exergy performance results for CES system components in operating mode A
for charging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 2292.90 1994.82 298.08 56.25 5.1782 87.00
Heat exchanger 1 1134.22 1081.53 52.69 9.94 0.9153 95.35
Heat exchanger 2 402.37 375.04 27.33 5.16 0.4748 93.21
Heat exchanger 3 796.13 752.85 43.28 8.17 0.7519 94.56
Turbine 1 784.8 706.32 78.48 14.81 1.3633 90.00
Turbine 2 71.13 47.23 23.9 4.51 0.4152 66.40
Heater 5 274.89 268.74 6.15 1.16 0.1068 97.76
Total 5756.44 5226.53 529.91 100.00 9.2055 90.79

Table C.4 – Exergy performance results for CES system components in operating mode A
for discharging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Turbine 3 1467.20 1320.48 146.72 24.29 5.1268 90.00
Cryogenic pump 102.31 53.07 49.24 8.15 1.7206 51.87
Evaporator 1038.79 714.00 324.79 53.78 11.3490 68.73
Heater 1 108.90 58.29 50.61 8.38 1.7684 53.53
Heater 2 32.17 28.26 3.91 0.65 0.1366 87.85
Heater 3 43.58 35.49 8.09 1.34 0.2827 81.44
Heater 4 68.89 48.28 20.61 3.41 0.7202 70.08
Total 2861.84 2257.87 603.97 100.00 21.1043 78.90
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Table C.5 – Exergy performance results for CES system components in operating mode B
for charging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 2292.90 1994.82 298.08 55.43 5.1293 87.00
Heat exchanger 1 1134.22 1081.53 52.69 9.80 0.9067 95.35
Heat exchanger 2 402.37 375.04 27.33 5.08 0.4703 93.21
Heat exchanger 3 796.13 752.85 43.28 8.05 0.7448 94.56
Turbine 1 784.8 706.32 78.48 14.59 1.3505 90.00
Turbine 2 71.13 47.23 23.90 4.44 0.4113 66.40
Turbine 3 41.92 37.73 4.19 0.78 0.0721 90.00
Cryogenic pump 2.92 2.16 0.76 0.14 0.0131 73.97
Evaporator 2.47 2.26 0.21 0.04 0.0036 91.50
Heater 1 3.38 1.64 1.74 0.32 0.0299 48.52
Heater 2 0.92 0.81 0.11 0.02 0.0019 88.04
Heater 3 1.25 1.01 0.24 0.04 0.0041 80.80
Heater 4 1.97 1.38 0.59 0.11 0.0102 70.05
Heater 5 274.89 268.74 6.15 1.14 0.1058 97.76
Total 5811.27 5273.52 537.75 100.00 9.2536 90.75

Table C.6 – Exergy performance results for CES system components in operating mode B
for discharging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 152.86 132.99 19.87 3.06 0.6065 87.00
Heat exchanger 1 76.02 73.51 2.51 0.39 0.0766 96.70
Heat exchanger 2 27.43 26.83 0.6 0.09 0.0183 97.81
Heat exchanger 3 81.27 68.77 12.5 1.93 0.3816 84.62
Turbine 1 52.27 47.04 5.23 0.81 0.1596 89.99
Turbine 2 5.92 3.94 1.98 0.31 0.0604 66.55
Turbine 3 1467.20 1320.48 146.72 22.62 4.4786 90.00
Cryogenic pump 102.31 53.07 49.24 7.59 1.5030 51.87
Evaporator 1038.79 714.00 324.79 50.08 9.9141 68.73
Heater 1 108.90 58.29 50.61 7.80 1.5449 53.53
Heater 2 32.17 28.26 3.91 0.60 0.1194 87.85
Heater 3 43.58 35.49 8.09 1.25 0.2469 81.44
Heater 4 68.89 48.28 20.61 3.18 0.6291 70.08
Heater 5 18.42 16.56 1.86 0.29 0.0568 89.90
Total 3276.03 2627.51 648.52 100.00 19.7959 80.20
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Table C.7 – Exergy performance results for CES system components in operating mode C
for charging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Compressor 2292.90 1994.82 298.08 55.43 5.1293 87.00
Heat exchanger 1 1134.22 1081.53 52.69 9.80 0.9067 95.35
Heat exchanger 2 402.37 375.04 27.33 5.08 0.4703 93.21
Heat exchanger 3 796.13 752.85 43.28 8.05 0.7448 94.56
Turbine 1 784.8 706.32 78.48 14.59 1.3505 90.00
Turbine 2 71.13 47.23 23.90 4.44 0.4113 66.40
Turbine 3 41.92 37.73 4.19 0.78 0.0721 90.00
Cryogenic pump 2.92 2.16 0.76 0.14 0.0131 73.97
Evaporator 2.47 2.26 0.21 0.04 0.0036 91.50
Heater 1 3.38 1.64 1.74 0.32 0.0299 48.52
Heater 2 0.92 0.81 0.11 0.02 0.0019 88.04
Heater 3 1.25 1.01 0.24 0.04 0.0041 80.80
Heater 4 1.97 1.38 0.59 0.11 0.0102 70.05
Heater 5 274.89 268.74 6.15 1.14 0.1058 97.76
Total 5811.27 5273.52 537.75 100.00 9.2536 90.75

Table C.8 – Exergy performance results for CES system components in operating mode C
for discharging regime.

Components 𝐸̇𝑥𝐹 (kW) 𝐸̇𝑥𝑃 (kW) 𝐸̇𝑥𝐷 (kW) 𝑦*
𝐷,𝑘 (%) 𝑦𝐷,𝑘 (%) 𝜂𝑒𝑥𝑒 (%)

Turbine 3 1467.20 1320.48 146.72 24.29 5.1268 90.00
Cryogenic pump 102.31 53.07 49.24 8.15 1.7206 51.87
Evaporator 1038.79 714.00 324.79 53.78 11.3490 68.73
Heater 1 108.90 58.29 50.61 8.38 1.7684 53.53
Heater 2 32.17 28.26 3.91 0.65 0.1366 87.85
Heater 3 43.58 35.49 8.09 1.34 0.2827 81.44
Heater 4 68.89 48.28 20.61 3.41 0.7202 70.08
Total 2861.84 2257.87 603.97 100.00 21.1043 78.90
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APPENDIX D – Optimization results.
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