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Abstract

Due to the threat of climate change, our energy systems tend to adopt lower-carbon energy
sources, such as renewables. In addition, our energy systems are likely to follow another trend
from very large centralized industrial energy systems to decentralized energy hubs serving both
industry and the domestic sector in the coming years. With time variations (daily and seasonal)
both on the supply side (intermittency of renewables) and the demand side, energy storage
technologies will play a very important role. Liquid air energy storage (LAES) is a promising
electricity storage technology that has certain advantages, such as being geographically
unconstrained, having high energy density and low maintenance and operational costs. The
investigation of the LAES system is in the initial stages of development, thus, a proper
evaluation and improvement of the system are important to enhance the competitiveness of this
technology. In this thesis, the optimization of various LAES systems is performed by a
stochastic search optimization method (Particle Swarm Optimization) to improve their
thermodynamic performance, and an economic evaluation of the proposed systems is carried

out to test their feasibility.

In a stand-alone LAES system, the cold energy from liquid air regasification is insufficient to
liquefy air in the charging part. Thus, the heat transfer efficiency of cold thermal energy
recovery cycles is important for the performance of the overall system. In order to explore the
improvement potentials for the LAES, different working fluids and configurations are proposed
and compared as promising cold thermal energy recovery cycles. The results prove that a dual
multi-component fluid cycle has the best performance in terms of exergy efficiency and round-
trip efficiency (RTE). The system with only one cold energy recovery cycle has lower RTE
due to the large exergy destructions in low-temperature heat exchangers caused by the large
temperature differences between the working fluid and air. Organic Rankine Cycles (ORCs)

have also been tested as cold thermal energy recovery cycles. However, optimization results
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indicate that ORCs used in the cold thermal energy recovery system are not producing any

work, and only phase change of the working fluid takes place, thus they should not be used.

The compression and expansion sections directly affect the power consumption and production
and are therefore critical to the RTE of the system. To improve the performance of the LAES,
systems with different number of compression and expansion stages are studied. It is found
that the best performance of the LAES is achieved in a process where hot and cold streams
have close to parallel temperature profiles in the preheaters of the expansion section. The
optimal results show that the highest RTE of 66.7% is obtained when there is a 2-stage

compressor and a 3-stage expander in the LAES system.

The incomplete utilization of compression heat from the charging part is another factor that
limits the RTE of the LAES system in some configurations. Organic Rankine Cycle (ORC),
Absorption Refrigeration Cycle (ARC) and High Temperature Heat Pump (HTHP) are
considered to utilize the surplus compression heat in the LAES system. Optimal results indicate
that the ORC, the ARC and the HTHP can effectively improve the performance of the LAES
system with the available surplus compression heat. The RTE of the LAES-ORC system is
increased by 4% with R600a as working fluid. For the optimized LAES-ARC system, the RTE
reaches 63.5% with an increased liquid yield of air of 89.6%. In the LAES-HTHP system, the
RTE is increased by 7% when the HTHP uses R1233zd as working fluid.

To study the feasibility of the proposed LAES system, an economic comparison of four LAES
configurations with a storage capacity of 10 MW / 80 MWh is carried out. The results show
that the LAES system with a 3-stage compressor and a 4-stage expander has a lower Levelized
Cost of Storage (LCOS) compared to other LAES configurations. However, the system with a
2-stage compressor and 3-stage expander is the most profitable layout for the LAES when the
income of the LAES is considered. The comparison between the LAES and other energy
storage technologies indicate that the LAES system has a better economic performance than
Li-ion and Pb batteries, but LAES cannot compete with Pumped Hydroelectric Energy Storage
(PHES) and Compressed Air Energy Storage (CAES).
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Chapter 1 Introduction

1.1 Motivation

With the increase in global energy demand and the growing environmental issues associated
with CO> emissions, a transition from fossil fuels to renewable energy for energy systems is
observed [1, 2]. Another trend for the energy market is that the traditional centralized power
plants will be shifted towards smaller decentralized utility systems, where local sources,
especially renewables, can be utilized [3]. These two changes motivate the development of
energy storage technologies. The employment of energy storage can not only handle the
instability of energy systems caused by the intermittent renewables, but provide ancillary

services to electricity markets (e.g., peak shaving and valley filling) [4].

Energy storage technologies are mainly categorized into thermal energy storage (TES) and
electrical energy storage (EES), depending on the form of released energy (thermal energy or
power) [5]. Although TES is important, EES is the major topic of our work since electricity is
one of the most convenient forms of energy. Currently, pumped hydroelectric energy storage
(PHES) [6], compressed air energy storage (CAES) [7], and batteries [5] are the most mature
EES technologies. However, the application of these technologies is limited by their

drawbacks.

Among various proposals, liquid air energy storage (LAES) has been suggested to have
outstanding performance compared with the above-mentioned energy storage technologies.
Energy is stored in the form of liquid air with a higher energy density, so the volume of storage

tanks is considerably reduced. The use of LAES also avoids the geographical constraints of
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PHES and CAES. In addition, the LAES can be integrated with other energy conversion
processes, and it can be located near these processes to avoid additional pipelines and
corresponding costs. Thus, the LAES is a promising alternative for large-scale energy storage.
However, the main drawback for the LAES is the relatively low round-trip efficiency (RTE).
Thus, various studies have been conducted to improve the performance of the cold energy
storage cycles, the compression and expansion parts, and the hot storage cycle in the LAES

system.

Briefly, the LAES works as follows: When there is excess electricity, air is compressed, cooled
and liquefied before storage. When there is a demand for electricity, liquid air is pumped,

vaporized and expanded to produce power.

Most published work use two pure working fluids (i.e., methanol and propane) in the cold
energy recovery cycles to transfer cold energy from liquid air regasification to the air
liquefaction part. There is a lack of research on studying alternative fluids and configurations
for cold energy storage cycles in the LAES system, such as multi-component fluid cycles
(MCFCs) and Organic Rankine Cycles (ORCs). Moreover, in the existing literature,
development of novel LAES configurations has been performed without optimization.
Therefore, thorough optimization is required for an objective comparison between the LAES

with different cold energy recovery cycles.

A large number of variations for the LAES can be generated by varying the number of
compression and expansion stages. The expansion section is strongly influenced by the
compression section since there is a heat recovery cycle between these two parts of the
LAES.There is a lack of studies related to the complex effect of different number of
compression and expansion stages on the performance of the LAES system. Thus, a
comparison of different layouts for the LAES has to be carried out to identify the optimal

configuration for the process.

A part of the compression heat is not efficiently used in the expansion part of certain LAES

configurations. ORCs and absorption refrigeration cycles (ARC) have been adopted to utilize
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the surplus compression heat to improve the RTE of the LAES. However, the research on the
utilization of surplus compression heat is far from complete. High temperature heat pumps
(HTHPs) are also promising technologies to utilize waste heat. Therefore, development of
various technologies for the utilization of compression heat and working fluid selection for the
ORC and the HTHP are needed for objective evaluation and comparison of the LAES with

additional thermodynamic cycles.

Although there have been various suggestions for the improvement of the LAES based on
energy analysis, a real-life application of the LAES depends not only on energy efficiency but
also on the economic viability of the system. Therefore, an economic analysis of various LAES

configurations is required to achieve a comprehensive evaluation of the process.

1.2 Objectives

The main objective of this work is to improve the system performance of a standalone LAES.
To achieve this, it is attempted to develop novel concepts for the system and use mathematical
optimization. Another objective of this thesis is to evaluate the feasibility of the LAES based

on economic analysis.
The specific targets of this work include:

1. To explore possible ways to improve the performance of the cold energy recovery
cycles in the LAES.

2. To study the complex relationship between the compression and the expansion parts,
and to identify the optimal LAES configuration.

3. To achieve a performance improvement for the LAES by utilizing the unused
compression heat in the system.

4. To test the economic viability of the LAES and compare the results with other energy

storage technologies.
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1.3 Scope

This study is limited to electrical energy storage (EES) technologies. Liquid air energy storage
is one of the most promising EESs due to its characteristics of being geographically
unconstrained and having high energy density. The major focus of this thesis is a standalone
LAES system. Integration between the LAES and other energy conversion processes with
waste heat and cooling has the potential of significant improvements in energy efficiency,
however, this is beyond the scope of the thesis and therefore only briefly discussed. This study
is also limited to the main components of the LAES, such as the compression and expansion
parts, the heat recovery cycle, the cold energy recovery cycles and possible additional
thermodynamic cycles (ORC, ARC and HTHP). Thus, the gas pre-treating steps are not
included in our simulation and optimization studies. The ORC, ARC and HTHP are only used
to utilize surplus compression heat to produce power. Optimal heat integration between the
LAES and these cycles is not the scope of this work. In the simulation models of the LAES
with varying number of compression and expansion stages, a thermodynamic analysis is
conducted to explore the potential for system efficiency improvements. Mechanical limitations
and cost issues related to large pressure ratios and outlet temperatures of compressors and

expanders are important topics, but these will not be considered.

The scope of this work is to develop steady state models of the LAES system for the design,
optimization and analysis of the process. Thermodynamic properties of process streams are
evaluated by cubic equations of state (Peng-Robinson). The LAES system is optimized by
using a population-based stochastic optimization method to maximize the RTE. Development

of optimization algorithms is not part of this work.
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1.4 Contributions

The main contributions of this PhD project can be listed as follows:

e For the first time, multi-component fluid cycles (MCFCs) were proposed to replace the
conventional cold energy recovery cycles (the methanol cycle and the propane cycle)
in the LAES. Rigorous process models were developed to be optimized with a
stochastic search algorithm (particle swarm optimization). Optimal compositions and
operating conditions for the MCFCs used in the LAES were determined.

e Organic Rankine Cycles (ORCs) were proposed as a promising alternative for the cold
energy recovery cycles in the LAES. These ORCs can transfer the cold duty as well as
produce electricity by utilizing the temperature difference between the air regasification
and liquefaction. Unfortunately, the power output from the ORCs comes at the expense
of a less perfect match for the heat transfer between air and the cold energy recovery
fluids in the evaporator and the cold boxes. As a result, energy performance is
deteriorated rather than improved.

o The complex effect of different number of compression and expansion stages on the
performance of the LAES system was investigated for the first time. Because of the hot
storage cycle, the amount and temperature of thermal oil change with different number
of compressor stages, directly affecting the inlet air temperature to expanders and the
power output. The best layout for the LAES was identified as the process with enough
amount of thermal oil to obtain parallel temperature profiles in the preheaters of the
LAES.

e Additional technologies (ORC, ARC and HTHP) for the utilization of compression heat
in the LAES were explored. The system performance can be improved, but only
marginally, by recovering the unused compression heat using such thermodynamic
cycles. The most suitable working fluid and the operation of the cycles that utilize

surplus heat in the system were determined.
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An economic comparison was performed among four layouts of a 10 MW / 80 MWh
LAES system. A sensitivity analysis on the cost of using unconventional compressors
with higher pressure ratios than conventional units were conducted to cope with the
uncertain cost data for such equipment. A comparison between the studied LAES and
other energy storage technologies was also carried out to reveal the economic feasibility

of this energy storage technology.

Thesis structure

This thesis consists of eight chapters. Chapters 4 to 6 discuss performance improvement

approaches for a standalone LAES based on energy efficiency, while Chapter 7 performs

economic evaluation of selected LAES configurations.

Chapter 1 is an introductory chapter, showing the motivation, objectives, scope of
work, and contributions of this thesis.

Chapter 2 gives a brief overview of the literature related to electrical energy storage
technologies, emphasizing the state-of-the-art LAES technologies.

Chapter 3 introduces the key performance indicators used in this study. The simulation
tools and optimization methods for the LAES are also presented.

Chapter 4 suggests six new cold energy recovery cycles in the LAES to improve the
RTE. Optimization is also performed for a fair comparison between the new cycles and
the conventional methanol and propane cycles.

Chapter 5 evaluates different configurations for the LAES to find the most energy
efficient layout. The effect of varying the number of compression and expansion stages
is analyzed.

Chapter 6 proposes three methods (ORC, ARC and HTHP) for the utilization of
surplus compression heat in the LAES. Furthermore, the most suitable working fluids

for the ORC and the HTHP are identified.
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e Chapter 7 is a natural continuation of the previous chapters, where economic analysis
of some LAES configurations is conducted. A comparison is also made with other
mature energy storage technologies.

e Chapter 8 summarizes the main conclusions in this thesis and provides

recommendations for future work.

1.6 Publications

Journal papers:

— Liu Z, Kim D, Gundersen T. Optimal recovery of thermal energy in liquid air energy
storage. Energy. 2022;240:122810.

— Liu Z, Kim D, Gundersen T. Optimization and analysis of different liquid air energy
storage configurations. Computers & Chemical Engineering (under review).

— LiuZ, He T, Kim D, Gundersen T. Optimal utilization of compression heat in liquid air
energy storage. Submitted to Industrial & Engineering Chemistry Research.

— Liu Z, Kim D, Gundersen T. Performance analysis of the optimal integration between

liquid air energy storage and LNG regasification process. To be submitted.
Conference publications:

— Liu Z, Kim D, Gundersen T. Techno-economic analysis of different liquid air energy
storage configurations. Chemical Engineering Transactions. 2022;94:241-246.

— LiuZ, YuH, Gundersen T. Optimization of Liquid Air Energy Storage (LAES) using
a Genetic Algorithm (GA). Computer Aided Chemical Engineering. 2020;48:967-972.

— Liu Z, Kim D, Gundersen T. Multi-component fluid cycles in liquid air energy storage.

Chemical Engineering Transactions. 2020;81:55-60.
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Presentations:

o LiuZ, Kim D, Gundersen T, Techno-economic Analysis of Different Liquid Air Energy
Storage Configurations, 25" Conference on Process Integration for Energy Saving and
Pollution Reduction (PRES 2022), 5-8 September 2022, Bol, Croatia. Oral
presentation.

o Liu Z, Gundersen T, Liquid Air Energy Storage - Integration Opportunities, AIChE
Annual Meeting, 7-19 November 2021, Boston and Virtual, USA. Oral presentation.

o LiuZ, Yu H, Gundersen T, Optimization of Liquid Air Energy Storage (LAES) using
a Genetic Algorithm (GA), 30" European Symposium on Computer Aided Process
Engineering (ESCAPE 2020), 31 August - 2 September 2020, Milano, Italy (moved
online). Oral presentation.

o Liu Z, Kim D, Gundersen T, Multi-component Fluid Cycles in Liquid Air Energy
Storage, 23™ Conference on Process Integration for Energy Saving and Pollution
Reduction (PRES 2020), 17-21 August 2020, Xi’an, China (moved online). Oral
presentation. (Won 2" place Best Young Speaker Award)



Chapter 2 Electrical energy storage overview

Energy storage (ES) technologies are developed on the basis of collecting and storing available
energy, and then providing it in different forms (thermal energy or power) when energy is
demanded. ES technologies can be classified as thermal energy storage (TES) and electrical
energy storage (EES) according to the form of energy recovered [5]. Although thermal energy
storage technologies have been widely applied, this thesis focuses on electrical energy storage,

mainly liquid air energy storage (LAES).

2.1 Electrical energy storage

Electricity is regarded as one of the most convenient forms of energy. However, electricity
cannot be easily stored in large quantities. Typically, electricity is transformed into a form of
energy that is stable and low-cost (e.g., mechanical energy, electrochemical energy, chemical
energy, electrical energy, and thermal energy), and the stored energy is then converted back to
electricity when demanded [8]. Based on the forms of stored energy, EES can be further

classified as follows:

e Mechanical energy storage (Flywheels, Pumped hydroelectric energy storage,
Compressed air energy storage, Gravity)

e Electrochemical energy storage (Supercapacitors, Batteries)

e Superconducting magnetic energy storage

e Chemical energy storage (Fuel cells)

e Thermal energy storage (Liquid air energy storage)
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Table 2.1 lists technical characteristics of some selected electrical energy storage technologies.
It can be observed that the most mature technologies that are suitable for large-scale electricity
storage are pumped hydroelectric energy storage (PHES) [6] and compressed air energy storage
(CAES) [7]. There is a trend towards developing high capacity batteries, but it is not
comparable to PHES and CAES in terms of cost [5]. According to the 2020 report from the
U.S. Department of Energy, PHES makes up 96% of the global electricity storage capacity,
while CAES with 0.44% represents a relatively small share of world storage capacity [10].
IRENA has predicted that the storage capacity of PHES will double from 152 GW in 2020 to
325 GW in 2050 [11].

However, the drawbacks of PHES and CAES should also be considered when investing in such
energy storage projects. Since energy densities for PHES and CAES are relatively low, a large
storage space is required for these two technologies. Two reservoirs at different levels and
considerable sizes are needed for PHES, and suitable sites for PHES are at locations with
adequate fresh water supply. Above ground tanks and underground caverns are used to store
compressed air in CAES systems, and caverns are commonly adopted for economic reasons.
This means that CAES tends to be located in remote areas far away from other energy
conversion processes. The geographical constraints for PHES and CAES increase the operating

complexity and require extra cost for energy transmission.

Table 2.1 Technical characteristics of some selected electrical energy storage systems [9].

Technologics Energy Density | Energy Density | Discharge time | Rated Power Rot.md—trip
(Wh/kg) (kWh/m?) MW) Efficiency (%)

Pumped hydro 0.5-1.5 0.5-1.5 1-24h+ 100-1000 65-87
Compressed air 30-60 2-6 1-24h+ 5-300 41-75
Liquid air 97 98.6 1-24h+ 0.35-50 50-70
Na-S 150-240 150-250 Seconds-hours 0.05-8 70-90
Li-ion 75-200 200-500 Minutes-hours 0-0.1 65-90
Lead acid 30-50 25-90 Seconds-hours 0-40 75-90
Thermal 80-250 80-500 Minutes-months 50-250 30-60
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2.2 Liquid air energy storage (LAES)

LAES has attracted more focus in recent years due to its characteristics of being geographically
unconstrained, having high energy density, and low maintenance and operational costs [12]. In
addition, the LAES can be integrated with other energy conversion processes, and it can be
located near these processes to avoid additional pipelines and corresponding costs. Thus, the
LAES is a promising alternative for large-scale energy storage with hourly to daily output

duration.
2.2.1 Concept

A block flow diagram of an LAES system is illustrated in Figure 2.1. Air from the environment
is first sent to pre-purification units (PPUs) for the removal of CO2, H2O and other trace
components to avoid solid formation in the low-temperature process. The pre-treated air is then
sent to the LAES system. Although the gas pre-treating steps are important for the operation
of LAES systems, they are not included in our simulation and optimization studies, since the
main focus is the LAES configuration schemes. The LAES system consists of three parts:
charging, storage, and discharging. In the charging part, the air feed is pressurized in a multi-
stage compressor with aftercooling before it is fully liquefied in the cold box. The charging
process is essentially a liquefaction process, where air is liquefied by using surplus electricity.
In other words, energy (or power) is stored in the form of liquid air. In the storage part, liquid
air is kept in atmospheric cryogenic tanks. In the discharging part, liquid air is pumped and
regasified by other heat sources. Then, the high pressure air enters a multi-stage expander to
generate power. The main sub-systems in the LAES will be discussed in detail in the following

sections.
2.2.1.1 Air liquefaction process (charging process)

One of the advantages for the LAES is that the working fluid (air) is stored in liquid phase, so
the size of storage tanks is smaller compared to PHES and CAES. The air liquefaction process

is crucial for the performance of the LAES system, as its energy consumption is mainly due tto
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compression work in the charging process. In addition, the temperature difference between hot
(air) and cold (working fluids in the cold energy recovery cycles) composite curves in the low-
temperature heat exchangers also affects the process efficiency. Commonly used liquefaction
processes for air are Linde-Hampson [13], Claude [14], and Kapitza cycles [15]. Mixed
refrigerants and cascade systems are commonly used in natural gas liquefaction processes,
which of course also represent possible technologies to liquefy air [16-18]. A detailed

introduction to the mentioned liquefaction methods will be provided in the following.

Charging Storage Discharging

= Air
Liquid air Evaporation Expansion ———

———— | Pre-treatment [—® Compression | Liquefaction
storage

!

CO; and H,0

T

|

|

| Cold
| storage
|

|

|

|

|

Figure 2.1 Block flow diagram of an LAES plant.
Recuperative systems

Linde-Hampson, Claude, and Kapitza cycles have a similar basic configuration, including a
compressor, a heat exchanger, a Joule-Thompson (J-T) valve and a phase separator. These

cycles are categorized as recuperative systems.

Linde-Hampson cycle. The simplest cycle for air liquefaction was proposed and patended by
William Hampson and Carl von Linde in 1895. The process flow diagram of the Linde-

Hampson cycle is shown in Figure 2.2. The purified air is pressurized in a multi-stage
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compressor with aftercoolers before it is sent to the cold box, where the compressed air is
further cooled by vapor from the separator. Then air enters a Joule-Thompson (J-T) valve to
be expanded. A mixture of gas and liquid obtained at the outlet of the J-T valve, is subsequently

separated. The liquid air is stored in cryogenic tanks.

Purified air | |

)
Cold box

Compressor

Separator

Liquid air tank
Figure 2.2 Process flow diagram of the Linda-Hampson cycle.

Claude cycle. The Claude cycle is based on the Linde-Hampson cycle and is illustrated in
Figure 2.3. The difference between the two cycles is the heat exchanger part. Unlike the Linde-
Hampson cycle, air is split into two branches after the first heat exchanger. One of the branches
is cooled in the following heat exchangers and then throttled in the valve to be liquefied. The
other branch is sent to an expander to produce refrigeration and power. The expanded branch
is mixed with the recirculating vapor from the separator to provide cold duty to heat exchangers

in the cold box.

Purified air

Miaiee

Compressor

=
i

Cold box Liquid air tank

Figure 2.3 Process flow diagram of the Claude cycle.
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Kapitza cycle. The Kapitza cycle is also a variant of the Linde-Hampson and Claude cycles.
Compared to the Claude cycle, the third heat exchanger in the cold box is removed, as shown

in Figure 2.4. Vapor from the separator is mixed directly with the expanded branch.

|
Purified air | ﬂq—
| P

NIl

Compressor

Separator

Cold box Liquid air tank

Figure 2.4 Process flow diagram of the Kapitza cycle.

Cascade and mixed refrigerant systems

The cascade system has more than one refrigeration cycle for the liquefaction of the gaseous
stream. Figure 2.5 shows one example of the cascade system for liquefaction of natural gas.
The advantage of using multiple refrigeration cycles is that the temperature difference in
cryogenic heat exchangers can be reduced by selecting the most suitable working fluids for the
cycles. With the cascade system, mixed refrigerants (multi-component working fluids) can also
be considered for each cycle to improve the system performance. Multi-component fluids,
unlike pure components, can customize the composition and thereby make the operating
temperature range wider while considering the freezing and boiling points of the components.
A good match between the temperature profiles of hot and cold streams can be obtained while
keeping the configuration simple when using multi-component fluids. Common combinations

of working fluids for natural gas liquefaction processes are listed in Table 2.2.
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2.2.1.2 Discharging process

The discharging process is associated with the process that converts the energy stored in liquid
air to electricity. This process is also referred to the power recovery cycle. The evaluation of
the discharging process is not only dependent on the amount of power generation, but also the
exergy efficiency in the LAES. In this section, four power recovery configurations have been
considered in order to achieve a higher exergy efficiency: direct expansion cycle, Rankine

cycle, Brayton cycle and Combined cycle.

Table 2.2 Some cascade and mixed refrigerant systems for natural gas liquefaction processes.

Refrigerants
Cycles
Pure Mixed
5 CO2>-N; [19] 2 hydrocarbon mixtures [21-25]
CHs-N» [20] C;sHs-hydrocarbon mixture [26]

3 hydrocarbon mixtures [27]
3 C3Hs-CoHg-CH4 [18] 2 hydrocarbon mixtures-N, [28]
(N>+CH4+C,He)-(No+CH4+C,He)-N2 [29]

Cooling water Thaiia Metliane

cycle eycle

P ANAANAN N\ AN o
B AAAAAN - > AN A———— e <F——
Natural gas LNG

Figure 2.5 Process flow diagram of cascade refrigeration cycles for natural gas liquefaction.
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Direct expansion cycle

One example of a direct expansion cycle is the regasification of nitorgen. The working fluid
(e.g. LNG) of the cycle is pressurized, regasified, and superheated by other heat sources before
it is sent to a turbine train to be expanded. The other heat sources can be ambient heat,
combustion heat, and industrial waste heat. A concept of converting the cold energy from
cryogen to power has been proposed by Knowlen et al. [30-32]. A schematic of the direct

expansion cycle is shown in Figure 2.6.

Exhaust

T

A

Cryogenic
tank

s Ambient heaters

—)—

\/

Expander

Figure 2.6 Schematic of the direct expansion cycle for power generation.

Rankine cycle

The Rankine cycle is another possible approach to convert the cryogenic energy to electricity.
This method is often adopted to recover the cold energy in LNG regasification processes [33-
38]. Figure 2.7 shows an example layout of the Organic Ranking Cycle (ORC) for power
generation in LNG regasification processes. Organic working fluids are usually used as the
working medium for the cycle, driven by the temperature difference between the heat source

(ambient temperature) and the heat sink (LNG) to produce power. In addition to the single
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Rankine cycle, cascade cycles have also been suggested to improve the performance of the

process.

Seawater
[ Condenser

FAarsassasnt

A

Evaporat:|—>

Natural gas

LNG

Figure 2.7 Configuration of an ORC for power generation in LNG regasification processes.

Brayton cycle

The working fluid in the Brayton cycle is in gas phase, thus, a gas compressor replaces the
pump used to pressurize the fluid [39-42], as illustrated in Figure 2.8. Cold energy from the
cryogenic fluid is provided to cool down the inlet stream to the compressor. It is also worth
noting that only sensible heat of the working fluid is involved, which contributes to the

reduction in exergy losses in the heat exchanger.
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Fuel and O,

Compressor Combustor
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Cryogenic
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Figure 2.8 Schematic of the Brayton Cycle for power generation.

Combined cycle

A combination of the aforementioned cycles has also been applied in LNG regasification
processes [43-47]. This is which is a more efficient method to collect the cold energy from the
cryogen. A typical combined cycle for the LNG regasification process is provided in Figure

2.9.

Seawater
Condenser

Natural gas

Expander

Figure 2.9 Schematic of combined cycle for power generation.
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2.2.1.3 Thermal energy storage

In the LAES, both the compression heat and the cold energy from liquid air regasification can

be recovered to improve the performance of the overall system.

Figure 2.1 presented a typical approach to collect the available energy in the system by using
hot and cold thermal energy storage cycles. The suggested configurations and working fluids

for the hot and cold thermal energy storage cycles in existing literature are listed in Table 2.3.

Table 2.3 Configurations and working fluids for the hot and cold thermal energy storage cycles.

Working fluids Configurations Reference

Diathermic oil One storage cycle with two tanks [48]
stI;)I::;e Water One storage cycle with two tanks [49-51]

Solar salts One storage cycle with two tanks [52]
Methanol-propane Two storage cycles with four tanks [48]
Cold Methanol-R218 Two storage cycles with four tanks [50]
storage R123-Propane Two storage cycles with four tanks [53]
Quartzite Packed bed regenerator [54]

2.2.2 Improvements in the performance of LAES systems

The advantages of LAES are related to the properties of not being geographically constrained
and having high energy density, which make the LAES stand out among many energy storage
technologies [55, 56]. However, the drawback for the LAES is that the round-trip efficiency
(RTE) is lower compared to PHES, CAES and batteries. A considerable amount of research
related to liquid air energy storage has been conducted to analyze the thermodynamic

performance and improve the technical feasibility of this technology.
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2.2.2.1 Stand-alone LAES system

A stand-alone system is defined as being independent of external hot or cold thermal energy
sources and additional thermodynamic cycles. Guizzi et al. [48] studied a stand-alone LAES
system that utilizes storage of compression heat and cold duty from regasification. An RTE of
54.4% was obtained with effective hot and cold thermal energy recirculation between the
charging and discharging processes. Morgan et al. [57] tried to improve the efficiency of the
LAES system by adding a Claude cycle to the low-temperature heat exchanger. The air was
further cooled down before entering the separator. As a result, the RTE was improved to 57%.
Borri et al. [58] simulated and compared three microgrid scale LAES systems with different
liquefaction cycles, i.e. the Linde, Claude and Kapitza cycles. The optimal configuration of the
liquefaction part was found to be the Kapitza cycle with two-stage compression where the
specific energy consumption can be reduced by up to 25% by optimizing the operating
conditions (recirculation ratio and flash pressure). Chen et al. [59] considered phase change
materials (PCMs) for the cold thermal energy storage between the charging and discharging
processes in the LAES system. It was found that the optimal design of the cold storage process
consists of 12 stages with 12 different PCMs, which means that one type of PCM is used at
each stage that is operated at a certain temperature. The RTE of the LAES system with the

optimal cold storage process is 54.2%.

For a standalone system, the RTE of the LAES is increased considerably with the use of hot
and cold thermal energy storages. However, the methanol and propane cycles are typically used
as cold energy recovery cycles, which contribute to considerable exergy losses in the LAES
related to irreversibilities caused by large temperature differences in the heat exchangers. Thus,
this thesis will propose new configurations and working fluids for the cold thermal energy

recovery cycles in the LAES to improve the system performance.

Modification of the configuration of the LAES has frequently been a subject of research in the
past. A large number of variants for the LAES can be obtained by varying the number of
compression and expansion stages. However, the expansion section is strongly influenced by

the compression section since there is a hot thermal energy storage between these two sections
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in the LAES. This important issue has been ignored by most of the papers. Therefore, this thesis
will explore the potential of system efficiency improvements for different configurations of the

LAES system (different number of compression and expansion stages).
2.2.2.2 LAES with additional thermodynamic cycles

In addition to studies on the configuration of a stand-alone LAES system, there are some
publications focusing on the utilization of waste heat in the LAES system with additional
thermodynamic cycles. Peng et al. [60] analyzed the LAES system with a 4-stage compressor
and a 4-stage expander. It is reported that 20-45% of compression heat is wasted in the
discharging process under different operating conditions of the LAES system. One method to
handle the unused compression heat is to use an ORC to convert this heat to power. An
alternative method is to let 31% of the unused compression heat be used to drive an ORC and
the remaining unused heat is supplied to an Absorption Refrigeration Cycle (ARC) to generate
a cold stream below ambient temperature. The cold stream is used as the heat sink for the ORC.
It is observed that the performance of the LAES system with an ORC (62.7%) is better than
the combined system with an ORC and an ARC (61.3%). She et al. [61] utilized the unused
compression heat in the LAES system to drive an ORC. The heat sink for the ORC is provided
by the refrigeration capacity generated by a Vapor Compression Refrigeration Cycle (VCRC).
It is observed that the RTE of the LAES system with ORC-VCRC can be improved to 55.5%
compared to the baseline LAES system (50.3%). Zhang et al. [62] tried to use cascade storage
of compression heat to reduce temperature differences in compression heat exchangers and
thereby increase the temperature of compression heat. In the LAES system with a 2-stage
compressor and a 2-stage expander, there is a part of compression heat that is not efficiently
utilized in the discharging part. The surplus compression heat is supplied as a heat source to an
ORC and a Kalina Cycle (KC) to produce extra power. The results suggest that the LAES
system with an ORC has a higher RTE of 56.9% compared to the system with a KC (RTE of
56.1%). Tafone et al. [63] tested and compared different methods to utilize the surplus
compression heat in the LAES system. The excess compression heat is used to drive an ORC

and a water-LiBr Absorption Chiller (AC). It is indicated that the RTE of the LAES with an
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ORC can be increased to 52.9%, while the performance of an LAES with an AC is not
improved due to the poor performance of the AC. Cui et al. [64] proposed a novel multi-
functional LAES system, where electricity, heat, and cold energy are generated. The electricity
is generated by the conventional discharging process in the LAES system. After delivering heat
to expanders in the discharging part, the waste low-temperature heat of thermal oil (58°C) is
used for heating. The cold energy is provided by an absorption refrigerator that utilizes the heat
from the unused part of high-temperature thermal oil. The cycle efficiency of the system is
75.4% when taking all outputs into account. Xue et al. [65] also studied the multi-functionality
of an LAES system. The electricity is produced by both the direct expansion process and an
ORC. The heat of thermal oil at the outlet of the expansion heat exchangers is recovered to
provide heat to an absorption refrigeration cycle to generate cold energy, and the remaining
heat of thermal oil is used for heating. A round-trip efficiency of 69.6% for the LAES system
is obtained. Nabat et al. [66] investigated an integrated system, which consists of an LAES
system, a heat storage tank embedded with a thermoelectric generator, and an organic Rankine
cycle. With the thermoelectric generator, the air is heated up to 1027°C before it is sent to
expanders to generate power. The results show that the RTE of the LAES system reaches
61.1%. Based on the reviewed papers [60-66], ORCs and ARCs are widely studied to utilize
the unused part of compression heat to produce power, and thereby improving the performance
of the system. Thus, this thesis will study three technologies (ORC, ARC and HTHP) for the
utilization of compression heat in different LAES configurations to increase the RTE of the

LAES system.
2.2.2.3 Integrated LAES systems

The aforementioned studies focus on the improvement of the LAES system without external
thermal energy sources. In addition, the integration of the LAES system with other processes
to enhance the performance of the LAES has also been considered. Li et al. [67] studied the
integration of an LAES with a nuclear power plant (NPP) to utilize the excess reaction heat.
This further increased the inlet air temperature to expanders, and an RTE of 71.3% could be

reached. Cetin et al. [68] tried to use a geothermal power plant to drive an LAES system. The
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power generated from the geothermal plant supports air liquefaction in the LAES, and the waste
geothermal heat was used to increase the inlet air temperature to expanders in the discharging
process. The RTE of the LAES was 46.7%, and the thermal efficiency of the combined system,
where the geothermal heat is supplied at 180°C, was increased from 6.6 to 24.4%. The thermal
efficiency of the overall system is relatively low since a large amount of geothermal heat is the
input, while the power generated is the output. Lee et al. [69] integrated the LAES with a
terminal for liquefied natural gas (LNG). Cold energy from LNG regasification is collected
and used to liquefy air in the LAES, and power is generated from the expansion of both natural
gas and air. The performance of the charging and discharging parts has been improved, and the
corresponding exergy efficiencies are 94.2% and 61.1%. Lee and You [70] performed a similar
study, where air was liquified by utilizing the cold thermal energy from LNG regasification. In
this case, direct expansion was used for the power generation from LNG and liquid air, and an
Organic Rankine Cycle (ORC) with a multi-component working fluid was applied to produce
additional power in LNG regasification before the NG expansion part. The exergy efficiency
of the combined process was 70.3%. Qi et al. [71] further improved the combined system with
the LAES and an LNG regasification process. During discharging, both the LAES discharging
process and the LNG regasification process are used to produce power. During charging, the
LNG is first used to cool the charging process in LAES, and then it is fed to an ORC to utilize
the remaining cold energy. The RTE of the combined system reaches 129.2%, since the cold
energy from LNG is regarded as “free” and would otherwise be lost. Antonelli et al. [72]
analyzed and compared different configurations of the discharging process in the LAES: direct
expansion, direct expansion combined with additional combustion heat, and direct expansion
combined with both additional combustion heat and an ORC or a Brayton Cycle. Results
demonstrated that the LAES with additional combustion heat and a Brayton Cycle (the last
case) has the highest RTE of 90%. It is observed from the above mentioned references that the
performance can be significantly improved by integrating the LAES system with external hot

or cold thermal energy sources.

A possible integration system between the LAES and an LNG regasification process and

external waste heat sources has been presented at the AIChE Annual Meeting (2021) [73].



24 Electrical energy storage overview

When surplus power is available, the LAES charging process is started. LNG is first pumped
to a high pressure, and then sent to the LAES system, where its cold energy is utilized in two
distinct places. LNG cold regasification energy is first utilized in the cold box and thereafter
used to precool air in the compression part. During these steps, LNG is heated and becomes
gaseous high-pressure NG. The high-pressure NG is next sent to the direct expansion part to
generate power. The air is compressed and cooled by the cold regasification energy from both
LNG and liquid air. When power is demanded, the power production of the integrated system
comes from both the liquid air and LNG. The liquid air is pumped, regasified and depressurized
through expanders to produce power. To further improve the system, the regasified air can be
heated by an Organic Rankine Cycle (ORC), where the temperature difference between the
ambient air and regasified air is used to generate power, before the heated air is being sent to
the expansion part. In discharging mode (without the need for external cold energy), pumped
LNG is regasified by an ORC and then sent to the direct expansion part to produce power. The
RTE of the LAES-LNG process reaches 106.2%. With an available external waste heat source
at 300°C supplied to the integrated LAES-LNG, the RTE can be finally improved to 188.9%.
The round-trip efficiency has been greatly improved since extra power is generated from the
“free LNG cold energy”. Of course, having an RTE above 100% must be seen as an effect of
utilizing an external cold resource that otherwise would be wasted to the environment. A more
objective measure of the performance of the integrated system is to use exergy analysis, which
is based on physical (or thermomechanical) exergies of the inlet and outlet streams as well as

power consumption/production in the integrated system.
2.2.3 Economic analysis of LAES

Most of the research on the LAES focuses on the improvement of energy aspects for the LAES.
However, an economic analysis of the LAES should also be conducted to comprehensively
evaluate the technology. There are a few publications investigating the economic feasibility of
the system. Wang et al. [74] proposed a novel system consisting of an air separation unit and a
liquid nitrogen energy storage process. The profitability of the system comes not only from the

electricity price arbitrage, but also from the sale of pure oxygen and heat. The multi-functional
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LAES system with a storage capacity of 10 MW / 80 MWh has a relatively short payback
period of 5.7 years. Cui et al. [75] compared the economic feasibility of a conventional LAES
and a multi-generation LAES (1.5 MW / 12 MWh). The results show that the multi-generation
LAES has a better economic performance than the conventional system. The net present value
is increased from 1.5 M$ to 2.3 M$ and the payback period is reduced from 6.3 years to 4.1
years. Park et al. [76] performed a techno-economic study of a 300 MW / 2.4 GWh integrated
system between a nuclear power plant and an LAES. The results indicate that the levelized cost
of electricity of the integrated system (182.6 $/MWh) is less than for a standalone LAES (219.8
$/MWh), which means that the integrated system has a better economy than the standalone
process. Xie et al. [77] tested the economic feasibility of an LAES system, which is used to
provide ancillary services to the grid and make profits through electricity price arbitrage. It is
found that the payback period is reduced from 25.7 years to 5.6 years for a 200 MW LAES
system as the external heat from the power plant increases from 0 °C to 250 °C. Lin et al. [78]
evaluated the economic viability of the LAES in the UK real-time electricity market. It is
suggested that a high NPV of 43.8 M£ can be achieved for a 200 MW LAES system. With a
waste heat source at 150 °C, the payback period for the LAES system can be reduced from
39.4 years to 9.8 years. Tafone et al. [79] conducted an economic comparison between a
standalone LAES and the LAES with an additional Organic Rankine Cycle (ORC) to utilize
the unused compression heat. The results show that the integrated LAES-ORC system (100
MW /400 MWh) has a slightly lower levelized cost of storage of 0.44 €/kWh compared to the

standalone process at 0.48 €/kWh, which justifies the economic viability of the additional ORC
in the LAES.

Hamdy et al. [80] proposed seven integrated systems between the LAES and an LNG
regasification process, the combustion of natural gas, and external waste heat. The results
indicate that the specific cost is decreased from 1400 €/kW to 1100 €/kW when a 300 MW /
1.2 GWh LAES is integrated with external waste heat at 450 °C. The lowest levelized cost of
electricity of 171 €/ MWh is obtained when the LAES is integrated with the combustion of

natural gas. Georgiou et al. [8§1] compared the economics of pumped thermal energy storage
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(PTES) and LAES systems. The commercial scales for the two energy storage technologies are
at different levels, which is why the system sizes for the PTES and LAES are not the same in
their study, i.e. 2 MW / 11.5 MWh and 12MW / 50MWh, respectively. It is pointed out that
LAES has a lower capital cost and lower levelized cost of storage than the PTES. Kim et al.
[82] analyzed the economic feasibility of an integrated system, which is composed of
renewable power sources, an LAES, and natural gas combustion. The integrated system
purchases renewable electricity during off-peak periods, while electricity generated from both
liquid air and LNG regasification and expansion is sold at on-peak times. It is found that the
levelized cost of energy for the novel integrated system with a storage capacity of 33 MW /
264 MWh is 163.5 $/MWh, which is lower than that of 209.5 $/MWh for the CAES with a
storage capacity of 50 MW /400 MWh.

The economic analysis of the LAES can reveal the feasibility of this energy storage technology.
Thus, this thesis also investigates economics of different LAES configurations to identify the

most economic layout for a standalone LAES system.



Chapter 3 Analysis methods for the LAES
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Abstract

This chapter explains the methodology of the thesis. The main key performance
indicators to evaluate the energetic, exergetic, and economic performance of different
LAES configurations are presented, followed by an introduction to the simulation tools
and settings to support the assessment of the proposed systems. Finally, the optimization
procedure used to obtain optimal operating conditions and comparing different candidate

processes is reported.
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3.1 Energy, exergy and economic analysis

Energy conversion processes consist of energy inputs and energy outputs. Energy is required
to transform the inputs to output products in a step-by-step process. Evaluating the
transformation steps and energy inputs provides information about how to save energy. Several
Key Performance Indicators (KPIs) that are based on thermodynamic and economic
performance can be used for a comprehensive evaluation of the LAES system. In this thesis,
the evaluation of thermodynamic performance for the LAES is conducted by using liquid yield,
round-trip efficiency, specific power consumption and exergy efficiency. The economic
performance of the process is evaluated by net present value (NPV), payback period and

levelized cost of storage (LCOS).

Liquid yield, which is an important parameter for processes involving air liquefaction, is related
to the liquid air fed to the discharging process and the part of air recycled to the charging
process. A higher liquid yield leads to less compression work, since the recirculation ratio is

reduced, and less air is re-compressed. The liquid yield of air is calculated by Equation (3.1(3.1).
My = _ G.1)

Here, my, and m represent the mass flow rates of liquid air and air entering the

comp

compressors, respectively.

Round-trip efficiency is a commonly used parameter in energy storage systems, including EES,
to evaluate different technologies. It quantifies the amount of power that is recovered relative
to the amount of power used to store the energy for different energy storage technologies. The

round-trip efficiency is defined as the work produced (7. ) in the discharging process divided

out

by the work consumed (7,

in

) in the charging process, see Equation (3.2).
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I/i/out m“q er Waar
Mrr = —— =~ =My - (3.2)
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n comp wcomp comp

Here, weomp and wwr denote the specific work of compressors in the charging process and

turbines in the discharging process, respectively.

Specific power consumption (SPC) is widely used to assess liquefaction systems [83-92], thus,
this parameter can indicate the efficiency of the charging process in the LAES. The definition

of SPC is given by Equation (3.3) as the net work consumed per mass of liquid air produced.

W,
SPC=—= (3.3)
My
The net work (Wmt) required is calculated by Equation (3.4).
I/i/net = Zl/i/comp - ZVKur (34)
Here, W, and W, are the work of the compressors and turbines respectively. The above-

mentioned performance parameters evaluate the system in terms of energy efficiency.

However, changes in temperatures, pressures, and compositions of process streams also have
significant effects on the performance of the system. This information cannot be revealed by
energy performance parameters. Exergy analysis is a comprehensive method to include both
the 1% and 2™ laws of thermodynamics [93-103]. All variations in process streams, work and
thermal energy in the system are considered in the concept of exergy, which represents the
maximum available work obtained by varying the stream temperature, pressure and
composition to equilibrium with its environmental conditions. Without considering kinetic,

potential, electrical, and nuclear exergies, the exergy of material streams includes physical (or

thermo-mechanical) exergy (ETM) and chemical exergy (E ch ) [104], see Equation (3.5).

E=E™+E® (3.5)
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Physical exergy is the maximum work obtained when the stream temperature and pressure is
changed from its original state to environment conditions by ideal (reversible) processes, as is

given by Equation (3.6).
E™ =H(T, p)=H(T. p) = T[S(T. p) = S(T;. py)] (3.6)

Chemical exergy is the maximum work obtained when the stream is taken to a state that has
the same composition as its natural surroundings, again by ideal (reversible) processes. Since
no chemical reactions are present in the LAES system, chemical exergy has relatively small
effects related to separation and mixing. As a consequence, only the physical exergy of streams

is considered in this work.

In this thesis, Exergy Transfer Effectiveness (ETE) is applied to measure the exergy efficiency
of the LAES system. The ETE is defined as the exergy sinks (produced exergy) divided by the
exergy sources (consumed exergy) in a process. The ETE considering only thermo-mechanical
exergy was proposed by Marmolejo-Correa and Gundersen [105] and has been further
developed by Kim and Gundersen [106] to include chemical exergy. The ETE with chemical
exergy was successfully used as an objective function by Kim and Gundersen [107] to optimize
LNG processes with NGL extraction. In those processes, similar to the LAES, there are no
chemical reactions, but mixing and separation are more important, thus chemical exergy was

also included.

The exergy efficiency can be expressed by using the definition of ETE as shown in Equation

3.7).

z Exergy Sinks
> Exergy Sources

n; =ETE = 3.7
The physical exergy of streams, which can be calculated by Equation (3.6), is obtained by
applying Visual Basic codes in Aspen HYSYS simulations as proposed in the work of
Abdollahi-Demneh et al. [108].
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In Chapters 4-6, where configuration modifications for performance improvement are the main
topic, only energy and exergy performance indicators are used for the thermodynamic
evaluation of the LAES system. The round-trip efficiency (RTE) is selected as the objective
function when performing the optimization of different LAES configurations. For energy
storage technologies, the charging process and the discharging process typically do not operate
at the same time. Thus, the exergy efficiencies of these processes are considered separately,
and detailed definitions of exergy efficiency for the two subprocesses in the LAES are

addressed from Chapter 4 to Chapter 6.

An economic evaluation is important for the marketing of a complex system [109-114]. It is
essential to perform an economic assessment of the process, which is the topic in Chapter 7.
However, it is difficult to get accurate cost data for equipment and maintenance costs as some
information is not easily available. The economics of the LAES is calculated with net present

value (NPV), payback period and levelized cost of storage (LCOS).

The net present value (NPV) is a widely used parameter to evaluate the profitability of a project,
and it represents the difference between the present worth of net annual income and the present
worth of initial cost, as is shown in Equation (3.8). A positive NPV means that the project is

economically feasible, while a negative NPV means that the project is not recommended.

'(1+i)’—1

NPV:_CTCI +(CAI _CAOC +CD) ) ~
i-(1+19)

(3.8)
Here, Ctc1, Ca1, Caoc, and Cp represent the total capital investment cost, the annual income,
the annual operating cost and the depreciation of capital investment for the LAES plant,

respectively; i is the annual interest rate (%) and t is the service life of the LAES system (year).

Payback period is another parameter selected to estimate the time required to completely

recover the capital investment of a project, see Equation (3.9).
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Total investment cost Cra

Annualized cash flow (1+0) -1 3.9
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Payback period =

Levelized cost of storage (LCOS) is also a commonly used factor for evaluation of the cost of
various power generation technologies and the cost of the different energy storage technologies.
LCOS of the LAES can be calculated as the ratio between the sum of cost in the entire lifetime

and the total produced electricity over the lifetime, as provided in Equation (3.10).

(1+i) -1
Crar + Cape 1(17“),
LCOS = Ty 1 (3.10)
i, 4D 1
i-(1+i)

Here, W denotes the power production in the discharging process (kW); han represents the

annual number of hours for power generation (h/year).

3.2 Simulation tools and settings

The LAES processes in Chapters 4-6 are simulated with Aspen HYSYS Version 10.0 [115].
The Peng-Robinson equation of state is adopted to calculate physical properties of the streams.
It is assumed that the air feed consists of 78.82 mole% nitrogen, 21.14 mole% oxygen and 0.04
mole% argon. The mass flow rate of air feed is 2000 kg/h at 20°C and 1 bar, which is considered
as feed to the LAES system in Chapter 4. In Chapters 5-6, the feed condition is adjusted to a
larger scale plant with an approximate storage capacity of 10 MW power output. The mass
flow rate of feed for the 10 MW LAES plant is 61520 kg/h, and air is supplied at 20°C and 1

bar.

In order to simplify the system analysis, several assumptions are made. Simulation assumptions
are shown in Table 3.1. In addition, pressure drops and heat losses in heat exchangers, storage

tanks and the flash tank are neglected in this work.
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Table 3.1 Simulation conditions and assumptions.

Parameter Value Unit
Ambient temperature 20 °C
Ambient pressure 1 bar
Isentropic efficiency of compressors 85 %
Isentropic efficiency of expanders 90 %
Isentropic efficiency of cryo-turbines 75 %
Isentropic efficiency of pumps 80 %

3.3 Optimization algorithm

As introduced in Section 2.2, the LAES consists of the air liquefaction process (charging), the
power recovery process (discharging), and the hot and cold thermal energy storage cycles. Due
to the thermal energy storage cycles, the charging and discharging parts are closely connected.
The power recovery ratio is crucial for an energy storage technology, and measures to increase
the RTE of the system are strongly required. This can be solved by using optimization
algorithms in combination with thermodynamic analysis to improve the process performance.
In order to have an objective comparison between different alternatives for the LAES, it is also
significant to have uniform evaluation and comparison metrics. Thus, rigorous optimization is

required for developing novel LAES concepts.

The optimization of the LAES involves highly nonlinear and nonconvex equations, which is
challenging for deterministic optimization algorithms due to the complex thermodynamic
property calculations. Surrogate models or simplified models can be considered as alternatives
for the replacement of rigorous thermodynamic models when performing the optimization.
However, accurate thermodynamic models are prerequisite for reliable results. It is also quite
important to decide the correct decision variables, which form a multi-dimensional space

during optimization. Thus, it is computationally intensive to find global optimal solutions. The
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built-in optimizer in HYSYS is too weak to get satisfactory results. To deal with such
challenges, stochastic algorithms have been suggested to be used in energy intensive systems
like liquefaction processes and LNG regasification processes [116-119]. The Particle Swarm
Optimization (PSO) algorithm is applied to optimize the LAES system in this study. PSO is a
population-based sampling optimization technique, and no global optimum can be guaranteed
due to its stochastic nature. However, the advantage of using this algorithm is that no
derivatives of mathematical equations are needed, thus it can be easily used in complex models
such as for the LAES [120]. The framework for the optimization is shown in Figure 3.1.
Moreover, the parameters for the PSO are listed in Table 3.2. The PSO algorithm is coded in
Matlab (version R2018a [121]) and connected to Aspen HYSYS through the “actxserver”

command.

Table 3.2 Parameters of the PSO algorithm.

Parameters Value
Number of particles 150
Global acceleration factor 1
Personal acceleration factor 1
Minimum inertia weight 0.5
Maximum inertia weight 1

The implementation of the optimization is associated with the variables, objective function,
and constraints. In Chapters 4-6 of this thesis, the optimization objective is to maximize the
round-trip efficiency of the LAES, as shown in Equation (3.11).

. _ _ mliqwtur
min- -1y = —f(x) = ————— (3.11)

comp ' comp
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Since the decision variables and constraints are varying for different LAES concepts, a detailed

selection of variables and constraints are provided in Chapters 4-6.
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Figure 3.1 Simulation-based framework for the optimization procedure.
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Chapter 4 Improvements for the Cold Thermal

Energy Recovery in LAES

~

Abstract

In order to improve the performance of the LAES, in this chapter, seven cases related to
different cold thermal energy recovery cycles are simulated, optimized and compared.
Multi-component fluid cycles (MCFCs) and Organic Rankine Cycles (ORCs) are
considered for the first time to be used as cold thermal energy recovery cycles in the
LAES. The optimal results show that the LAES system with dual MCFC has the best
performance with an RTE of 62.4%. This RTE can be further increased to 64.7% by
reducing the minimum temperature difference of high-temperature heat exchangers from
10°C to 5°C. Optimization results also indicate that ORCs are not suitable as cold energy

recovery cycles, since any power produced in the ORC cannot compensate for the

Qeduced power production in the expansion section. /

This chapter is based on the publications:

— Liu Z, Kim D, Gundersen T. Optimal recovery of thermal energy in liquid air energy
storage. Energy. 2022;240:122810.
— Liu Z, Kim D, Gundersen T. Multi-component fluid cycles in liquid air energy storage.

Chemical Engineering Transactions. 2020;81:55-60.
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As introduced in Section 2.2, a stand-alone LAES system is composed of the charging part,
discharging part, and hot and cold thermal energy storages. According to literature review [48,
57], the RTE of the LAES is increased considerably with the use of hot and cold energy
storages. In the hot storage cycle, the common working fluid is thermal oil that is first used to
collect compression heat from the charging process, and then used to release this heat to the
expansion part of the discharging process. The temperature difference between the thermal oil
(cold stream) and the compressed air (hot stream) is evenly distributed within the temperature
range of the compression heat exchanger, since no phase change takes place. For cold energy
recovery and storage systems that consist of two pure working fluid cycles (i.e. methanol and
propane), the situation is different. The cold storage cycles are used to transfer the cold thermal
energy from liquid air regasification in the discharging process to the air liquefaction part in
the charging process. The operating pressure for air liquefaction is usually larger than the
critical pressure of air (37.8 bar) to avoid phase change at constant temperature (a horizontal
line in the composite curves for the heat exchanger), so that a smooth liquefaction curve is
obtained with decreasing temperature. This makes it easier to find a working fluid to match
with the liquefaction curve of air. The methanol and propane cycles in the system have
acceptable performances (they both operate in liquid form, so only sensible heat is involved),
but they still contribute to considerable exergy losses in the LAES related to irreversibilities

caused by large temperature differences in the heat exchangers.

Based on the observations above, it is clear that the research on standalone LAES systems is
far from complete. There is a lack of research on studying alternative fluids for cold storage
cycles in the LAES system, such as multi-component fluid cycles (MCFCs). The MCFC can
provide a wider range of temperature profiles than single-component fluid cycles, and a better
match between hot and cold composite curves is obtained. Organic Rankine Cycles offer
another solution for cold storage cycles. ORCs can produce electricity by utilizing the
temperature difference between air regasification and liquefaction. At the same time, it is used
to transfer the cold duty from air regasification to liquefaction. The working fluid for the ORC

is multi-component, so the heating and cooling curves of the working fluid are closer to the
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temperature profile of the air, and the performance of the LAES will be improved with reduced

exergy losses in the cold box.

Thus, in this chapter, multi-component fluid cycles and Organic Rankine Cycles are used for
the first time to transfer the cold thermal energy of liquid air regasification to the liquefaction
of air in the LAES system. A particle swarm optimization (PSO) method is adopted to find the
optimal composition of the multi-component fluids [120]. Cases related to LAES systems with
different storage cycles for cold thermal energy recovery are simulated, optimized and

compared in Section 4.3.

4.1 System description

The flowsheet of the liquid air energy storage with hot and cold energy storage cycles is shown
in Figure 4.1. The three subprocesses in the LAES system are charging, storage, and
discharging. In the charging part, air is first compressed in a four-stage compressor with
inter/after-coolers (air is cooled to 30°C after each compression stage), then it is cooled by heat
exchangers in the cold box, before being expanded to atmospheric pressure in a cryo-turbine,
which is used to generate refrigeration capacity and power. The liquid fraction is sent to
storage, while the vapor fraction is recirculated to the compression section. The charging
process is essentially a liquefaction process, where air is liquefied in periods with excess
electric power. In other words, energy (or power) is stored in the form of liquid air. In the
storage part, liquid air is kept in atmospheric cryogenic tanks. In the discharging part, liquid
air is pumped to a higher pressure before being regasified in evaporators by receiving heat from
the cold storage fluids. High-pressure air is then fed to a 4-stage turbine to generate electricity.
In order to improve the performance of the LAES system, hot and cold energy storages are
employed. The compression heat is used to increase the temperature of inlet air to the expansion
stages and thereby produce more electricity in the discharging process. Thermal oil is used as
working fluid in the hot storage cycle. The cold thermal energy from air regasification is stored

in cold intermediate fluids and will be released to the air liquefaction part.
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In this study, the LAES system with methanol and propane cycles for cold thermal energy

recovery is regarded as the Base Case (see Figure 4.2). Other cases related to different cold
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thermal energy recovery cycles for the LAES system are considered. To simplify the system,
one multi-component fluid cycle (Case 1) is considered to replace the two single-component
cycles in the Base Case. Two multi-component fluid cycles are also evaluated for the cold
thermal energy recovery system (Case 2). As mentioned before, ORCs could provide extra
power while transferring the cold duty from the discharging to the charging process. A single
ORC is considered as the cold thermal energy recovery cycle in Case 3. Different combinations
of an ORC and a single component fluid cycle are considered as the cold thermal energy
recovery system as well. An ORC and a propane cycle are considered in Case 4, while a
methanol cycle and an ORC are used in Case 5. Two ORC:s are also evaluated as cold thermal
energy recovery cycles in Case 6. The components in the working fluids for cold thermal
energy recovery cycles are nitrogen, methane, methanol, ethane, propane and n-butane.
Although somewhat arbitrarily, the reason for selecting these components is that they can cover
the temperature ranges of air liquefaction and regasification (the boiling points and freezing
points of these components are considered). In addition, the isobaric specific heat capacities of
these six components are close to the specific heat capacity of air for relevant pressure

conditions.
4.1.1 Multi-component fluid cycles for cold thermal energy recovery

The purpose of the fluids in the cold energy storage is to transfer cold thermal energy from
liquid air regasification to the air liquefaction part. Actually, in LAES systems, the charging
and discharging processes typically do not operate at the same time. When energy is demanded,
the discharging process is in operation and provides cold regasification energy to fluids from
the high-temperature storage tanks. The fluids cooled by the discharging process are then stored
in low-temperature storage tanks. When excess electricity is available, the fluids that carry the
cold regasification energy are made available for the charging process to provide refrigeration
capacity to liquefy air. After receiving heat from the air, the fluids are stored in high-

temperature storage tanks to complete the cycle.
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A major limitation with single component working fluids is that their operating range for
temperature cannot meet the requirements of the entire temperature span in the system. Thus,
if the cooling task of hot streams is to be carried out along a wider temperature range, either
the fluid needs to go through a phase change, or additional fluid cycles must be used to avoid
phase changes. In the former case, a single component cold fluid experiences a constant
temperature during phase change, which results in considerable exergy losses and thereby poor
thermodynamic performance. In the latter case, extra cycles in the LAES will increase the
complexity and cost. Multi-component fluids, unlike pure components, can customize the
composition and thereby make the operating temperature range wider while considering the
freezing and boiling points of the components. A good match between the temperature profiles
of hot and cold streams can be obtained while keeping the configuration simple when using

multi-component fluids.
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multi-component fluid cycle); b) Case 2 (Dual multi-component fluid cycle).

Generally, liquids always have better performance than gases in terms of transferring heat, so

the cold storage fluids should remain in liquid phase throughout the LAES system. In this



4.1 System description 43

section, two different configurations of cold storage cycles that use different components are
illustrated in Figure 4.3. Figure 4.3a shows a single multi-component cycle (Case 1) that
contains nitrogen, methane, ethane and propane. Figure 4.3b shows a dual multi-component
fluid cycle (Case 2). Methane, ethane, propane and n-butane are used in the first cycle that is
operating at higher temperature. In the second cycle, n-butane is changed to nitrogen since the
freezing point of n-butane is -138°C, which is much higher than the boiling point of air (-

194°C). Therefore, nitrogen, methane, ethane and propane are considered for the second cycle.
4.1.2 Organic Rankine Cycles for cold thermal energy recovery

Organic Rankine Cycles are also considered for cold thermal energy recovery. They can not
only be used to transfer cold duty from the discharging to the charging process, but also to
generate additional power due to the temperature difference between air liquefaction and
regasification. Any power produced by the cold thermal energy recovery cycles is expected to
improve the RTE. However, the specific enthalpy of the working fluid is reduced after being
expanded through the gas turbine of the ORC (both temperature and pressure of the fluid are
reduced), so the cold regasification energy collected by the same amount of working fluid
decreases. This reduces the efficiency of the LAES system, since the temperature of the
regasified air is decreased before air is entering the expansion section, resulting in reduced
expansion work. In addition, the reduced cold thermal energy from working fluids will lead to
a larger compression work to make up for the reduced heat duty in the cold box. These two
effects have negative influences on the RTE of the system. The trade-off between the ORC
power output and the two negative effects on the RTE means there is an optimal operating

condition for the ORC, which will be discussed in Section 4.3.2.

When electricity is required, the ORC working fluid from high-temperature tanks is sent to the
liquid air evaporator to collect the cold regasification energy from air during the phase change.
After exchanging heat with evaporating air, the working fluid is stored in low-temperature
tanks. When the charging process is in operation, the working fluid is first pumped to high

pressure before being sent to the cold box, where the working fluid is completely evaporated,
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and the high-pressure air is partly liquefied. To produce more electricity, the ORC working

fluid enters a gas turbine, before being stored in high-temperature tanks to complete the cycle.
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Four cases related to different combinations of ORCs and a single component fluid cycle are
illustrated in Figure 4.4. Figure 4.4a shows a single ORC (Case 3) with a working fluid that
contains nitrogen, methane, ethane and propane. Figure 4.4b illustrates an ORC operating at
higher temperature and a propane cycle operating at lower temperature (Case 4). The
components of the ORC working fluid are ethane, propane and n-butane. Figure 4.4c presents
the combination of a methanol cycle operating at higher temperature and an ORC operating at
lower temperature (Case 5). The components of the ORC working fluid are nitrogen, methane,
ethane, and propane. Finally, Figure 4.4d illustrates a dual ORC (Case 6). The components of
the working fluid in the 1% ORC that is operated at a higher temperature are ethane, propane
and n-butane, while the components of the working fluid in the 2" ORC that is operated at a

lower temperature are nitrogen, methane, ethane, and propane.

4.2 Process evaluation, validation and optimization

This chapter starts by introducing the key performance indicators (KPIs) used for the evaluation
of the proposed LAES configurations. Next, the validation of the model is provided, followed

by a detailed presentation of the optimization procedure for the LAES system.
4.2.1 Process evaluation

The seven cases are evaluated by using energetic and exergetic indicators. The energetic
indicators include liquid yield of air, round-trip efficiency (RTE), and specific power
consumption (SPC), which have been introduced in Section 3.1. In addition, exergy efficiency
is another important performance indicator that measures the quality of work and heat in a
consistent way, considering both the first and second laws of thermodynamics. While the LAES
as a total system primarily deals with power, the charging and discharging parts, that operate
at different times, handle both power and thermal energy (heating/cooling). Thus, the exergy

efficiencies of these processes are considered separately to reveal the exergy transfer
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effectiveness within each process. The exergy efficiency of the charging process 7, is

calculated by Equation (4.1).

77 — VVcryotur,ch + Eliq + Eh (4 1)
! VVcomp,ch + Ec + Efa
Here, W, ..., and W, denote the expansion work produced by the cryo-turbine and the

compression work consumed by compressors in the charging process. E, , E,, E, and E,

represent the physical exergy of liquid air, working fluid in the hot storage cycle (thermal oil),
working fluids in the cold storage cycles, and the air feed. The calculation method for the
exergy of streams can be found in Section 3.1. Similar to exergy efficiency for the charging

process, the exergy efficiency of the discharging process 7, is given by Equation (4.2).

77 . — I/Vtur,dc + EC (42)

i, = . .

‘ I/Vpump,dc + Eliq + Eh

Here, W, ., and W, are the expansion work produced by turbines and the work consumed

by the pump in the discharging process, respectively.

4.2.2 Process validation

The Aspen HYSYS model of the LAES has been validated against available data in the
literature. Figure 4.5 presents a comparison between this study and Guizzi et al. [48] of the
LAES system performance. It is found that the differences between the values obtained using
the simulation model in this study and the values in Guizzi’s work are within 1.4%. Thus, a
sufficient accuracy of the system model is confirmed, and the model is found to be acceptable

for our research.
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Figure 4.5 Model validation by comparing RTE with numbers from Guizzi et al. [48].

4.2.3 System optimization

Optimization using Particle Swarm Optimization (PSO) algorithm is performed to evaluate the
different LAES configurations. The parameter settings and optimization framework for this
algorithm are provided in Section 3.3. The motivation for the use of optimization is to make a
fair comparison between the LAES systems with different configurations and to find optimal
compositions for multi-component working fluids for the corresponding cold thermal energy

recovery cycles. The objective is to maximize the round-trip efficiency of the LAES, as shown

in Equation (4.3).

m. W
min sy =—f(x) = - 43)

comp comp
The selection of decision variables, listed in Table 4.1 with their bounds and here represented
by x, can be made by analyzing the degrees of freedom in the system. In this study, all pressure

ratios for compressors and expanders are selected as variables. The outlet temperature of
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thermal oil from compression heat exchangers, the outlet air temperature from the cold box,
and the outlet temperature of recycled air from the cold box are also selected as decision
variables. In addition, operating temperatures, pressures and molar flowrates of working fluids
are considered as variables. Variables for the LAES system with one or two cold thermal energy
recovery cycles are listed separately in Table 4.1, since the operating conditions of the two

cycles are different.

Table 4.1 Decision variables with lower and upper bounds.

Variables Lower Bounds | Upper Bounds
Pressure ratio for compressors % ° 1 5
Pressure ratio for expanders ° 1 10
Thermal oil temperature (TH21-124) (°C) *° 150 230
Cold box outlet air temperature (°C)*® -188 -165
Cold box outlet recycled air temperature (°C)*° -10 29
Working fluid operating temperature (higher) (°C) *° -10 29
Working fluid operating pressure (bar)®° 1 120
Working fluid molar flowrate (kmol/h) ®° 0 60
Working fluid operating temperature (lower) (°C) ° -100 -20

2 variable bounds for the LAES with single cold cycle
® variable bounds for the LAES with dual cold cycle

The constraints for the LAES system are discussed in the following: The minimum temperature
difference (ATmin) of intercoolers and reheaters is assumed to be 10°C (see Equations (4.4) and
(4.5)), while ATmin of the cold box and evaporators is assumed to be 1°C (see Equations (4.6)

and (4.7)), which is commonly used in low-temperature processes [122].
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AT, 210 (4.4)
AT, >10 (4.5)
AT 21 (4.6)
AT, >1 (4.7)

In addition, for multi-component fluid cycles, the vapor fraction should be less than 0.005 to
essentially assure liquid phase in the entire cycle, as shown in Equation (4.8). For ORCs, the
vapor fraction of the working fluid at the inlet of the pump should be zero, indicating the phase
to be totally liquid (see Equation (4.9)), and the vapor fraction of the working fluid at the outlet
of the cold box (inlet stream to the turbine) should be one, indicating the phase to be totally gas
(see Equation (4.10)).

VEyere <0.005 (4.8)
VFORC,pump,in = 0 (49)
VFORC,tur,in = 1 (4 1 O)

4.3 Results and discussions

The optimal results of the seven cases are discussed here. The compression and expansion parts
have the same configuration in all cases, i.e. four compressor stages and four expander stages.
The difference between the seven cases is the cold thermal energy recovery and storage parts.
Since optimization, however, is performed for the entire system, the compression and
expansion parts are also included. As a result, the optimal operating conditions of the
compression and expansion parts can be different for different cold thermal energy recovery
cycles. One example is that more compression work is needed to ensure sufficient refrigeration

capacity for air liquefaction when the cold thermal energy recovery ratio is low.
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4.3.1 Round-trip efficiencies for the seven cases

Figure 4.6 illustrates the RTE for the LAES system with different cold thermal energy recovery
cycles. It shows that LAES configurations with two cold thermal energy recovery cycles to
transfer the cold regasification energy (Base Case and Cases 2, 4, 5 and 6) have better
performance than the systems with only one cold thermal energy recovery cycle (Cases 1 and
3). The reason is that the temperature range for air is very large (from 30°C to -180°C) and the
specific heat capacity of air changes significantly during the liquefaction and evaporation
processes. Thus, better temperature match in the cold box can be obtained when two cold
recovery fluids with different specific heat capacities are used. Among the five LAES
configurations with two cold storage cycles, the LAES system with dual multi-component fluid

cycle (MCFC) for cold thermal energy recovery has the highest RTE of 62.4%.
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Figure 4.6 Round-trip efficiency for the LAES system with different cold thermal energy

recovery cycles.
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4.3.2 Optimal operating conditions for cold cycles

Optimal operating variables, such as temperatures, pressures and compositions for the working
fluids are listed in Table 4.2 for the seven cases, while the optimal results (heat duty and
logarithmic mean temperature difference (LMTD) of cold boxes) for different cold thermal
energy recovery cycles are shown in Table 4.3. In both tables, the terms 1° cycle and 2™ cycle

refer to the cycle operating at higher and lower temperatures respectively.

Table 4.2 Optimal operating variables for different cold thermal energy recovery cycles in the

LAES system.

Composition p Tiowest Ptur,in Prur,out
Cases Cycle [mole%]
[bar] [°C] [bar] [bar]
CH;0H N, CHy C,Hg C;Hg nCsHyo
Base s 100.00 - - - - - 1.00  -46.71 - -
Case 2nd - - - - 100.00 - 1.00 -186.33 - -
Case 1 s - 0.08 10.81 7.50 81.61 - 85.80 -184.92 - -
s - - 026 4.06 4743 4825 32.15 -70.24 - -
Case 2
2nd - 3.01 282 18.56 75.61 - 27.38 -186.34 - -
Case 3 s - 31.34 3223 16.08 20.35 - - -186.51 4.87 4.87
s - - - 53.52 2432 22.16 - -43.65 6.89 6.83
Case 4
2nd - - - - 100.00 - 1.00 -184.11 - -
1 100.00 - - - - - 1.00  -48.07 - -
Case 5
2nd - 20.99 39.78 18.31 20.92 - - -182.82  3.17 3.17
s - - - 43.60 30.52 25.88 - -40.20  4.47 4.47
Case 6
2nd - 2433 40.70 23.30 11.67 - - -188.02 3.15 3.15

Case 1, where only one MCFC is used rather than two single fluid cycles (methanol and
propane cycles), is proposed to simplify the configuration of the LAES system. In Case 2, the
LMTDs for the cold box and evaporator are on average the smallest among the seven cases,
indicating that the dual MCFC has the smallest entropy generation in the cold thermal energy

recovery part and thereby the highest thermodynamic efficiency. The operating pressures of
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the two MCFCs (p = 32.2 and 27.4 bar) in Case 2 are considerably reduced compared to the
pressure of the single MCFC (p = 85.8 bar) in Case 1. This is due to the fact that working fluids
experience a smaller temperature range in the cold boxes in Case 2 compared with Case 1, thus

avoiding high pressure to keep the working fluids in liquid form.

Table 4.3 Optimal results for different cold thermal energy recovery cycles in the LAES

system.

Qco]dbox LMTDcoldbox LMTDeva mORC th
Cases Cycle
kW] [°C] [°C] [kg/h] [kg/h]
18t 2.74 4.31 - 824.10
Base Case 221.54

2nd 2.79 3.92 - 2280.42
Case 1 IR 199.04 3.02 8.13 - 1733.48

1 2.06 4.89 - 1221.25
Case 2 219.33

2nd 2.31 2.67 - 2402.89
Case 3 18t 203.46 4.43 6.72 968.60 -

s 5.19 5.42 329.69 -
Case 4 210.04

2nd 2.07 5.77 - 2142.01

s 4.15 6.69 - 1022.14
Case 5 202.45

2nd 2.44 3.19 882.76 -

18t 10.09 6.34 295.89 -
Case 6 212.90

2nd 3.29 4.42 859.40 -

It is worth noting that the operating pressures of the working fluids in Case 2 are considerably
higher than the operating pressures in the Base Case (1 bar for both cycles). This, of course,
increases the CAPEX of the system; however, the higher RTE of the LAES system with multi-
component fluids will reduce OPEX. A trade-off analysis between CAPEX and OPEX will
determine the economic feasibility of the system. In Case 2, the optimal composition of MCFC-
1 is 0.3 mole% methane, 4.1 mole% ecthane, 47.4 mole% propane and 48.2 mole% n-butane,
while the optimal composition of MCFC-2 is 3.0 mole% nitrogen, 2.8 mole% methane, 18.6

mole% ethane and 75.6 mole% propane. The results show large fractions of propane and n-
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butane in the MCFCs, reflecting that these components have specific heat capacities closer to
air. Methane and ethane are used to modify the composite curve of the working fluid for a
better match with the air liquefaction curve. The amount of nitrogen is very small to keep the

MCFC-2 working fluid in liquid form without the need for high pressure.
4.3.3 Using ORC:s as cold thermal energy recovery cycles

In Case 3, one ORC is used as the cold thermal energy recovery cycle in the LAES system.
The optimal results in Table 4.2 show that no power is produced in the ORC, because this
single ORC operates without pressure change (the pump and turbine are inactive), which results
in similar performance for Case 3 (single ORC) and Case 1 (single MCFC). The other four
configurations (Base Case and Cases 4, 5 and 6) have similar RTEs, however, the optimal
operating conditions are quite different. In the Base Case, methanol and propane cycles are
used for cold thermal energy recovery, and this configuration is discussed by many researchers.
The advantage of this configuration with an acceptable RTE of 58.5% is that the operating
pressure of the two cold storage cycles is atmospheric, so that capital costs for cold storage
tanks are reduced. For Case 4, the LAES with an ORC and a propane cycle has an RTE of
58.9%. The RTE of the LAES using methanol and an ORC as cold thermal energy recovery
cycles (Case 5) is 58.6%. It can be seen from Table 4.3 that the LMTDs for the cold boxes and
evaporators in Cases 4 and 5 are similar, which is why the two cases have almost the same
performance. In addition, the pressure ratios for turbines in the ORC in these cases are 1 (pur,in

= Prrout), Which indicates that running the ORC with power production is not optimal.

For the multi-component working fluid in the ORC, both the sensible and latent heat are used
to collect the regasification energy of air. Since the ORC is able to collect more heat than the
MCEFC with sensible heat only, considerably less working fluid is needed for the ORC (see
Table 4.3). The optimal composition of the working fluids can be found in Table 4.2, where
ethane has the largest fraction in Case 4, accounting for 53.5 mole%, while the methane fraction
(39.8 mole%) is the largest in Case 5. This is due to the fact that components with higher

specific heat capacity, such as methane and ethane, are preferred when the mass flow rate of
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the working fluid is reduced. In Case 6, two ORCs act as heat transfer cycles, and both the
sensible and latent heat of the working fluids are used to collect the cold thermal energy. The
LMTDs of the cold boxes and evaporators are larger than the LMTDs in the Base Case and
Cases 2, 4 and 5. As a result, the RTE of the LAES configuration with dual ORC is lower
(58.2%) but still better than the RTEs of Cases 1 and 3. One conclusion from the optimal results
of the different cases is that the operating pressure of the working fluid in the cold thermal
energy recovery cycles should be kept unchanged. This is because it is more efficient to use

the cold thermal energy collected from the regasification to liquefy air than producing work in
the ORC:s.
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Figure 4.7 T-H diagram for the cold box and the evaporator in Case 3: a) Real data from Aspen
HYSYS for the cold box in the charging part; b) Hand drawn figure to better explain the cold
box in the charging part; ¢) Real data from Aspen HYSYS for the evaporator in the discharging
part; d) Hand drawn figure for the evaporator in the discharging part.

The driving forces between the liquefaction (charging) and regasification (discharging) curves
for air in the T-H diagram are small. As shown in Figure 4.7a and 4.7c, which is based on
simulation results from Aspen HYSYS, the temperature of the working fluid is sometimes
higher than the temperature of air in the cold box. However, this is not an indication of
temperature cross-over in the heat exchanger. Recirculation air is also a cold fluid and
contributes to the total heat capacity flowrate of the cold composite curve, and thereby avoids
temperature cross-over in the cold box. Figure 4.7b and 4.7d are an enlarged hand-drawn
illustration of Figure 4.7a and 4.7c. The gap between the air liquefaction or air regasification
curves on one side and the evaporation or condensation curves of the working fluid in the ORC

on the other side is artificially increased, i.e. drawn out of scale.
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Results from the optimization indicate that the pressure ratio for the turbine and the pump in
the ORC is 1, which means that the turbine and the pump are not active, and the ORC works
like a multi-component fluid cycle (MCFC) with phase change. This also means that the
composite curves in a T-H diagram for the working fluid in the cold box and the evaporator
should coincide. However, with normal operation of the ORC (e.g. if the pressure ratio of the
pump is 2), the specific enthalpy of the working fluid would be reduced, as the red dotted line
shows in Figure 4.7d. The match with the temperature profile of air would be less perfect in
the evaporator, and the work produced by the ORC would not compensate for the lost work in
the discharging part. The cold composite curve of air in the evaporator, i.e. the blue dotted line
in Figure 4.7d, is shifted down (the discharging pressure of liquid air is reduced to avoid
temperature cross-over in the heat exchanger, since air at lower pressure has a higher heat of
evaporation). Due to the work produced in the ORC when the pressure ratio is 2, the duty in
the evaporator is reduced. This results in a lower air temperature after the evaporator and

therefore less work produced in the discharging part.

For Case 1, the sensible heat of the MCFC is used to transfer the cold duty from air
regasification, and the change in the slope of the MCFC in the T-H diagram is relatively small
compared to the change in the slope of air during the heat transfer process. Thus, poor
performance (RTE = 54.3%) is the result due to the mismatch between the air and the single
MCEFC temperature profiles. The optimal composition of the single MCFC is shown in Table
4.2, where more than 80% is propane. Moreover, the operating pressure of the single MCFC is
quite high (p = 85.8 bar), which leads to high capital costs. However, the situation is different
for Case 3. An ORC with a multi-component working fluid is used for cold thermal energy
recovery. It can be seen from Table 4.2 that the pump and turbine are not active in this single
ORC case, and the operating pressure (p = 4.9 bar) of the working fluid is considerably reduced
compared to Case 1. However, with the gradual evaporation and liquefaction of the working
fluid, the temperature profiles between the air and the working fluid do not have a good match,
which can be confirmed by the large LMTDs of the cold box and the evaporator (LMTDcoldbox
=4.4°C and LMTDeya = 6.7°C). In this case, the optimal composition of the working fluid is

31.3 mole% nitrogen, 32.2 mole% methane, 16.1 mole% ethane and 20.4 mole% propane.



58 Improvements for the Cold Thermal Energy Recovery in LAES

4.3.4 KPIs for the optimized cases

Table 4.4 shows optimal pressure values for charging and discharging together with key
performance indicators (liquid yield, specific power consumption, exergy efficiencies of the
charging and discharging processes, and round-trip efficiency) for the different cases. It can be
seen that Case 2 has a superior performance compared to the other cases. Case 2 obtains the
highest liquid yield (93.8%), highest exergy efficiencies of the charging (86.1%) and
discharging (86.0%) processes, the smallest specific power consumption (188.66 kWh/t, which
is consistent with the lowest charging pressure among the seven cases), and a superior round-
trip efficiency (62.4%). These good results are primarily related to the best heat transfer
efficiency of the dual MCFC. The difference in round-trip efficiency, exergy efficiency, liquid
yield and specific power consumption is marginal for the Base Case and Cases 4, 5 and 6,
except for the fact that the Base Case has a considerably lower liquid yield. The LAES with
one cycle for cold recovery (Case 1) has the lowest RTE, which results from the mismatch
between the air and working fluid temperature profiles. In Cases 1 and 3, higher charging

pressures are needed to compensate for the reduced cold air regasification energy.

Table 4.4 Optimal results for some variables and key performance indicators.

Base
Case

Pen (bar) 191.36 458.18 147.38 335.72 257.08 349.05 215.30
Pac (bar) 145.38 175.94 100.62 109.26 150.02 186.30 108.59

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

My (%) 86.65 88.54 93.79 91.55 91.09 91.61 92.42
spC

(ewhipy 21807 2566 188.66 23234 223.10 2347 212.89

ng, (%) 8345 70.73 86.13 82.49 84.1 83.73 83.69

n:, (V) 83.17 70.05 86.00 80.23 82.38 82.00 83.35

Ner (%) 58.53 54.25 62.44 54.90 58.88 58.55 58.22




4.3 Results and discussions 59

Case 6

Case 5

Case 4

Case 3

Case 2

Case 1

Base case

0 50 100 150 200 250
Exergy destruction (kW)

mEcomp ®Eexp ®Etrans

Figure 4.8 Exergy destruction for the compression, expansion and heat transfer parts in the

s€ven cases.

Figure 4.8 illustrates exergy destruction for the compression, expansion and heat transfer parts
in the seven cases. It can be noticed that Case 2 has the lowest exergy destruction in all three
parts, while Cases 1 and 3 have the largest exergy destructions. The Base Case and Cases 4, 5
and 6 have medium exergy destructions. This is consistent with the previous discussion: Case
2 has the highest RTE, followed by the Base Case and Cases 4, 5 and 6, while Cases 1 and 3
have the lowest RTE. By comparing Cases 5 and 6, it is found that the total exergy destruction
in Case 5 is higher. However, this mainly comes from the expansion part and is associated with
larger work production, which improves the RTE. In addition, exergy losses due to heat transfer
are slightly smaller in Case 5. This reveals that the cold thermal energy transfer part, which is
related to LMTDs of cold boxes and evaporators, and the liquid yield have decisive effects on
the RTE of the system. Thus, higher efficiency of cold thermal energy recovery cycles leads to
a higher RTE.
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4.3.5 Sensitivity analysis

The cryo-turbine efficiency and the ATmin of heat exchangers (high-temperature and low-
temperature) have important influences on the system performance. As the LAES system with
dual multi-component fluid cycles (Case 2) has the best performance according to Section
4.3.1, this process configuration is selected as the design basis for a sensitivity analysis. In Case
2, the isentropic efficiency of the cryo-turbine is 75%, and the ATmin of high-temperature and
low-temperature heat exchangers are 10°C and 1°C, respectively. In this section, the cryo-
turbine efficiencies of 65% and 85% are assumed and discussed. In addition, the A7, of high-
temperature heat exchangers are varied from 5°C to 15°C, and the ATmin of low-temperature
heat exchangers is varied from 1°C to 2°C. The optimal results with different cryo-turbine
efficiencies are listed in Table 4.5. For obvious reasons, the round-trip efficiency increases as
the cryo-turbine efficiency is increased from 65 to 85%. It is worth noting that the optimal
charging pressure is reduced with increasing cryo-turbine efficiency. Increased cryo-turbine
efficiency results in a higher exergy efficiency of the equipment and a larger refrigeration

capacity.

Table 4.5 Influence of cryo-turbine efficiency on system performance.

Optimal
Cryo-turbine efficiency (%) Nrr (%)
peh (bar) pdec (bar)
65 149.23 95.71 61.29
75 147.38 100.62 62.44
85 143.71 101.55 63.12

The influence of ATmin for heat exchangers is listed in Table 4.6. As the ATmin of high-
temperature heat exchangers increases, exergy destructions for the compression and expansion
parts are increased, while the exergy destruction for the heat transfer part remains almost the
same. It should be emphasized that the compression part consists of compressors and

intercoolers, the expansion part consists of expanders and reheaters, while the heat transfer part



4.3 Results and discussions 61

consists of the cold box, the evaporators, the cryo-turbine and the separator. Due to this
decomposition, the heat transfer part is only affected by the ATmin for the low-temperature heat
exchangers. Heat transfer in the high-temperature heat exchangers is accounted for in the
compression and expansion parts. It is pointed out that the RTE is increased to 64.72% when
the ATmin of high-temperature exchangers is reduced to 5°C. However, the reduction of A7 min
will result in a larger heat exchanger area and CAPEX, which is verified by the average UA
values of high-temperature and low-temperature heat exchangers in Table 4.6. The UA value
is the product of the overall heat transfer coefficient and heat transfer area and therefore
indicates the size of the heat exchanger. Thus, an economic analysis will be required to identify
the cost optimal conditions for practical applications. In addition, the ATmin of the low-
temperature heat exchangers affect the system performance significantly, since the liquid yield
and the exergy destruction for the heat transfer part are related to this parameter. As the ATwmin
is increased to 2°C in the low-temperature heat exchangers, a drop of 1.2% points for the RTE
is observed. This mainly results from the increase in exergy destruction in the heat transfer

part, as seen in Table 4.6.

Table 4.6 Influence of minimum approach temperature for heat exchangers on system

performance.

ATwin  Udingrenr  Udcowoveva  Eeomp Eop Euans MrT
Parameters

CC)  (kW/FC)  (KWPC) (kW) (kW) (kW) (%)

5 11.51 44.87 56.89 3291 2439 64.72
High-temperature

10 6.59 41.49 60.28 36.02 2546 62.44
heat exchangers

15 4.03 40.16 68.66 41.66 2532 58.56
Low-temperature 1 6.59 41.49 60.28 36.02 25.46 62.44

heat exchangers 2 6.58 29.35 61.50 36.63 30.00 61.22
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4.3.6 Performance with additional heat recovery

For the heat recovery between the charging and discharging parts, there is an imbalance caused
by different charging and discharging pressures and the recirculation of air. Some of the
compression heat carried by the hot oil cycle is not efficiently used in reheaters of the
discharging part in the seven cases, as listed in Table 4.7. In this section, in order to further
improve the performance of the LAES, an ORC is used as an additional heat recovery cycle
for power production to utilize the heat that is wasted in the discharging process. Figure 4.9
illustrates the additional heat recovery cycle in the LAES. For the seven cases, the working
fluid is assumed to be cooled to 20°C by sea water, which is regarded as a constant temperature
heat sink. The heat source is stream H35 in the LAES system. For the additional heat recovery
cycle, R600 (n-butane with critical temperature 151.9°C and critical pressure 37.9 bar) is
chosen as the working fluid. Thus, an additional ORC is included and added to the optimized
seven cases to analyze the effect of the waste heat recovery. Since the only change in the system
is to replace sea water cooling of stream H35 with an ORC utilizing the waste heat in stream

H35, the rest of the system is not affected.

Table 4.7 Stream data for the surplus hot oil.

Tsuplusho  Mffsurplus ho

(°C) (kmol/h)
Base case 177.58 2.03
Case 1 206.09 5.50
Case 2 167.29 1.89
Case 3 194.41 4.70
Case 4 187.83 1.70
Case 5 195.94 1.74
Case 6 183.30 1.53

Case study
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Figure 4.10 shows the round-trip efficiencies for the seven cases when an ORC is used to
further utilize the waste compression heat. The blue columns represent the RTE of the system
for different configurations of the cold thermal energy recovery cycles, while the orange
columns show the increment in RTE when using the additional ORC as heat recovery cycle.
Case 2 still has the best performance and the RTE is improved from 62.4% to 64.7%. The RTE
of the Base Case and Cases 4 and 5 are all above 61% after additional heat recovery. The LAES
with two ORCs in Case 6 has an RTE of 60.1%. The RTE of Cases 1 and 3 are also improved
to around 58%. It can also be noticed that the increment in RTE is largest for Cases 1 and 3.
This is because more compression work is needed to compensate for the poor performance of
the cold thermal energy recovery cycles in these two cases. Increased compression means more
compression heat with higher temperature and increased flow rate of the hot oil. This means

that the ORC utilizing waste heat can produce more work in these two cases.
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Figure 4.9 Heat recovery cycle in the LAES system.



64 Improvements for the Cold Thermal Energy Recovery in LAES

66

58 I I I l
50

Base case Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

(=)
S}

Round-trip efficiency (%)

w
&

mRTE after cold recovery ™ Increment after heat recovery using ORC

Figure 4.10 Round-trip efficiency for LAES configurations with an additional heat recovery

cycle

The detailed results after optimization of using an additional heat recovery cycle in the seven
cases are listed in Table 4.8. The flow rate and temperature of the surplus hot oil are relatively
high in these cases, and more net work (18.5 kW and 14.4 kW in Cases 1 and 3, respectively)

is generated. The work produced by the other cases are also listed in Table 4.8.

Figure 4.11 illustrates the exergy destruction for the expansion part in the seven cases after
utilizing the additional ORC to recover waste compression heat. The reduction in exergy
destruction for the seven cases with an additional heat recovery cycle is also shown by gray
bars in the figure. It is clear that the largest reduction in exergy destruction is obtained in Cases
1 and 3, which is related to the net work produced by the additional heat recovery cycle in these
two cases. The reduction in exergy destruction for the Base Case and Cases 2, 4, 5 and 6 can

also be found in Figure 4.11.
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Table 4.8 Performance of the additional heat recovery cycle in the seven cases.
Case  Working W, L mf Tcoi Woerr Woreopums
study  fluids (W) (bar)  (bar) (kmolh) (°C) (kW) (kW)
BaSC Re00 1106 208 3410 747 14520 1189 0.3
case
Case 1 R600 18.53 2.08 30.44 11.84 138.20  19.70 1.17
Case 2 R600 8.59 2.08 17.81 7.05 105.51 8.96 0.37
Case 3 R600 14.44 2.08 34.12 9.75 14520  15.53 1.09
Case 4 R600 11.92 2.08 34.11 8.06 14520  12.82 0.90
Case 5 R600 13.73 2.08 34.15 9.29 14530  14.77 1.04
Case 6 R600 8.00 2.08 34.11 6.59 145.20 8.74 0.74

Case 6

Case 5

Case 4

Case 3

Case 2

Case 1

Base case
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Figure 4.11 Exergy destruction for the expansion part in the seven cases with the additional

heat recovery cycle.
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4.4

Conclusions

The standalone liquid air energy storage (LAES) system with different cold thermal energy

recovery cycles is discussed, optimized and compared in this study. Multi-component fluid

cycles (MCFCs) and Organic Rankine Cycles (ORCs) are considered for the first time to

transfer the cold thermal energy from air regasification to air liquefaction in the LAES. Seven

cases are optimized by using a particle swarm optimization (PSO) algorithm. For the different

cold thermal energy recovery cycles, the following conclusions are drawn:

The dual MCFC has the best performance in terms of liquid yield, specific power
consumption, exergy efficiency and round-trip efficiency (RTE). The RTE of the
standalone LAES with dual MCFC in Case 2 is 62.4%. This RTE can, however, be
improved to 64.7% when the ATmin of high-temperature heat exchangers is reduced
from 10°C to 5°C. This performance is higher than standalone LAES systems in the
literature with RTEs below 63%.

Cases 1 and 3 with only one cold thermal energy recovery cycle has lower RTE, since
the specific heat capacity of the air is different before and after its phase change, and
large exergy destructions are caused by the large temperature differences between the

working fluid and air.

Organic Rankine Cycles are not suitable for transferring the cold duty between the
charging and discharging processes. The optimal results show that both the sensible and
latent heat of the working fluid are used, however, the pump and turbine are not active.
The purpose of using an ORC (i.e. to produce additional work) is therefore not
achieved. The actual heat transfer is between the air regasification and air liquefaction,
and a better match can be obtained in both cold boxes and evaporators when the

operating temperature and pressure of the working fluid is kept the same on both sides.

For heat recovery cycles, the following conclusions are drawn:
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o The additional heat recovery cycle results in a larger improvement in performance for
Cases 1 and 3 than for the other cases. With lower efficiency of the cold thermal energy
recovery cycles for Cases 1 and 3, more compression work is needed to compensate for
this poor performance, and more compression heat can be utilized to produce work in
the additional heat recovery cycle that uses an ORC. The RTE of Cases 1 and 3 can be

improved to around 58%.

e After integrating an additional heat recovery cycle (i.e. ORC) in the discharging
process, the RTE is improved to 64.7% for Case 2, which has the best performance in
terms of the RTE. For the other cases, the RTEs are between 60.0 and 61.6%.

Although the dual MCFC has a larger operating pressure than the typical methanol cycle and
propane cycle, leading to a larger CAPEX, this novel cycle still provides a possible approach
to improve the performance of cold thermal energy recovery cycles. A slightly simpler set of
working fluids can be used in order to reduce the computational efforts with a marginal
decrease in RTE. In the following chapters, a methanol and a multi-component fluid cycle,
which consists of propane, ethane and n-butane, are used as the cold thermal energy recovery

cycles that are operated at different temperatures.






Chapter 5 Optimization and Analysis of LAES with
Different Number of Compression and Expansion

Stages

~

As discussed in Section 2.2, one drawback of a standalone LAES is the relatively low

Abstract

round-trip efficiency (RTE). In this chapter, the performance of a standalone LAES
system with different number of compression and expansion stages is studied. All cases
are optimized by using a particle swarm optimization (PSO) algorithm. The optimal
results show that the highest RTE of 66.7% is obtained when there is a 2-stage
compressor and a 3-stage expander in the LAES system. When the number of
compression stages is fixed, the highest RTE is obtained when hot and cold streams have

J

close to parallel temperature profiles in the preheaters of the expansion section.

This chapter is based on the following publications.

— Liu Z, Kim D, Gundersen T. Optimization and analysis of different liquid air energy
storage configurations. In review for Computers & Chemical Engineering, 2022.

— LiuZ, YuH, Gundersen T. Optimization of Liquid Air Energy Storage (LAES) using
a Genetic Algorithm (GA). Computer Aided Chemical Engineering. 2020;48:967-972.
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The LAES is commonly divided into charging, storage and discharging processes based on its
operating mode. However, for a standalone LAES, the overall system can also be decomposed
into three parts, which are the compression, the hot and cold energy storage and exchange, and
the expansion sections, according to the function of each part. In the previous chapter, different
cold energy recovery cycles are proposed and compared to identify the most suitable cold
cycles for the LAES. The compression and expansion sections, as main subsections in the
LAES, directly affect the power consumption and production, and are therefore critical to the
RTE of the system. It is important to notice that the expansion section is strongly influenced
by the operation of the compression section since compression heat is transferred between the

two sections by a thermal oil system with storage.

Adiabatic operation will result in maximum power consumption and considerable amounts of
high temperature compression heat that is carried by the thermal oil. The inlet air temperature
to expanders is increased and the power generation in the discharging process is increased. The
near isothermal operation of compression with a large number of stages and aftercoolers
approaches minimum power consumption. However, when the number of compression stages
is increased in the LAES system, the amount of compression heat and its temperature are
reduced. As a result, the temperature of the thermal oil used to collect the compression heat is
reduced. The reduced thermal oil temperature will reduce the power production in the
expansion part. However, the flow rate of thermal oil is increased due to the repeated cooling
in aftercoolers. This counteracts the negative effects in the expansion section of reduced duty
and temperature for the thermal oil carrying the reduced compression heat, since the heat
transfer pinch is moved to the hot end of the preheaters before the expanders. In summary,
while less heat is transferred from charging to discharging, resulting in less power produced in
the expansion process, the compression heat is better utilized with a larger thermal oil flowrate.
Since less power is consumed in compression with increased number of stages, there is a trade-

off where the number of compression and expansion stages plays a significant role.
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Most of the existing literature discuss the expansion section and compression section separately
for the LAES system. There is a lack of studies related to the complex relations of different
number of compression and expansion stages and how this affects the performance of the
LAES system. The challenge is to deal with the interacting temperature changes and pressure
changes of process streams. This paper focuses on the potential for system efficiency
improvements for different configurations of the LAES system, where the term configuration
relates to having different number of compression and expansion stages, as well as potential

use of Organic Rankine Cycles (ORCs) [123-125].

To have a fair comparison between these different configurations of the LAES system, all cases
have been optimized to maximize their RTE by using a particle swarm optimization (PSO)
method [120]. Different configurations of the LAES system are optimized and analyzed in
Section 5.3. It is worth noting that the corresponding pressure ratios of compressors and
expanders are changing with different number of compression and expansion stages. The
pressure ratio will be relatively high when the number of compression (or expansion) stages is
small, which may affect the efficiencies of compressors (or expanders). However, this work
emphasizes purely on a thermodynamic analysis, which is why mechanical limitations and cost
issues related to pressure ratios and outlet temperatures of compressors and expanders will not

be considered.

5.1 System description

Flowsheets of the liquid air energy storage system are illustrated in Figure 5.1 and 5.2. The
liquid air energy storage is commonly divided into charging, storage and discharging processes
based on its operating mode. However, for a standalone LAES, the overall system can also be
decomposed into three parts, which are the compression, the hot and cold thermal energy
recovery cycles, and the expansion sections, according to the function of each part. In the
compression section, air is compressed in stages by using available electricity. Air is cooled to

30°C after each compressor stage and the compression heat is collected and stored by the hot
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thermal energy recovery cycle. The high-pressure air is then sent to the cold thermal energy
recovery part. It is precooled in the cold box by working fluids in cold thermal energy recovery
cycles before it is expanded in the cryo-turbine to atmospheric pressure. The name of this
turbine refers to the very low (i.e. cryogenic) temperature, and the unit is operating with a liquid
inlet stream and a two-phase outlet stream. The cryo-turbine can produce additional
refrigeration capacity and power, and thereby improve the efficiency of the system. The
partially evaporated stream is then separated into a vapor stream, which is sent back to the
compression part, and a liquid stream that is sent to storage. When there is a need for power,
liquid air is first pumped to a high pressure before it is sent to evaporators, where liquid air is
heated to be regasified by working fluids in cold thermal energy recovery cycles. After
delivering the cold regasification energy, air is sent to the expansion part, where air is expanded
through a series of turbine stages to generate power. There is a preheater before each expander

(Heater 1-M) to increase the power generation.

The hot thermal energy storage between the compression and expansion parts is used to collect
the compression heat and release it to increase the inlet air temperature to the turbine stages.
The working fluid for the hot energy recovery cycle is Therminol 66 with a wide operating
temperature range from -3 to 350°C. This fluid is widely used in the hot storage cycle for LAES
systems [63]. Two cold thermal energy recovery cycles are used to transfer the cold
regasification energy of liquid air to the compressed air. In Chapter 5, different cold thermal
energy recovery cycles are proposed and compared to identify the most suitable cold cycles for
the LAES when the configurations of the compression and expansion parts are fixed. It was
found that two multi-component fluid cycles gave the highest performance (RTE) among six
studied cases. Since the focus here is on configurations of the compression and expansion parts
rather than working fluids, a slightly simpler set of working fluids with a marginal decrease in
RTE was used in order to reduce the computational efforts. The cold thermal energy recovery
cycles are therefore using a single-component cycle with methanol and a multi-component
fluid cycle, which consists of 70 mol% propane, 20 mol% ethane and 10 mol% n-butane. These

working fluids are operated at different temperatures. For different LAES processes in this
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work, the configuration and the components of cold thermal energy recovery cycles are the
same, while the compression and expansion parts are changed by varying the number of

compression and expansion stages.
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Figure 5.1 Process flowsheet of the liquid air energy storage (LAES) system.

The process flowsheet of the LAES system with N compression stages (2<N<6) and M
expansion stages (3<M<5) is shown in Figure 5.1. When the number of compression stages N
is greater than or equal to the number of expansion stages M, there will always be a part of the
compression heat that cannot be utilized in the expansion part. This is due to the fact that the
amount of compression heat and the temperature of the air are reduced when the number of
compression stages is increased. As a result, the temperature of the thermal oil is reduced.
Despite the fact that the compressor duty is decreased with increasing number of stages, the
repeated cooling of air will increase the flowrate of thermal oil since it must be split into more
branches. In order to improve the performance of the system, ORCs are considered to utilize
the unused part of compression heat. For the additional ORC, R152a (CoH4F2 with critical
temperature 113.3°C and critical pressure 45.2 bar) is chosen as the working fluid. The reason

for selecting R152a as the working fluid in the ORC is that it is environment-friendly and non-
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toxic to humans, and it is also reported to be more efficient than several other working fluids,
such as R134a, R143a, and R32 [126]. In addition, the critical temperature of R152a is within
the temperature range of the compression heat in different LAES configurations. The critical
pressure of R152a is relatively large and the saturation pressure at ambient temperature is only
3.7 bar, therefore, we can take advantage of the large pressure drop during expansion. Figure
3 illustrates the LAES system with an additional ORC, where the working fluid of the ORC is

assumed to be cooled to 20°C by cooling water.
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Figure 5.2 Process flowsheet of the LAES system with an additional ORC.
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5.2 Process evaluation and optimization

This section introduces the key performance indicators (KPIs) that are used to evaluate the
different process configurations, followed by a presentation of the optimization formulation for

the LAES.

5.2.1 Process evaluation

As mentioned in Section 3.1, the most widely used parameter for energy storage technologies
is the round-trip efficiency, which is commonly used for comparison with other technologies
in the literature. The specific power consumption is a performance parameter to indicate the
efficiency of liquefaction process in the LAES system. In addition, exergy efficiency (such as
the Exergy Transfer Effectiveness - ETE) is also considered as a performance indicator for the
LAES system. Since the system is decomposed into three parts: compression, hot and cold

energy recovery, and expansion sections, exergy efficiencies of the three parts are evaluated to

reveal the performance of each part. The exergy efficiency of the compression part 77, is

comp

calculated by Equation (5.1).

_ Eout,air,comp + Eh (51)

N Y >

comp feed,air

Here, W, denotes the work consumed by compressors, Eomwair’wmp and Efeedvair represent the

comp

thermo-mechanical exergy of outlet air from the compression part and the air feed, and E, is
the thermo-mechanical exergy of hot oil. Similar to exergy efficiency for the compression

section, exergy efficiencies of the cold energy recovery 77,  and expansion sections 77
rec

exp,dir

or 77, are given by Equations (5.2) - (5.4). 17;; ,, Tepresents the exergy efficiency of

expdirORC
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the expansion part that only considers the multistage turbine, while 77, onc is the exergy
exp,dir+

efficiency of the expansion section when an additional ORC is part of the LAES system.

out,air,rec + cryotur,rec

Ny == : (5.2)

* E out,air,comp + VVpump
tur,exp

N, =—— .3)
. E out,air,rec + E h

77 _ I/Vtur,exp + I/Vtur,ORC (5 4)

Eoparore [ : 7 :
prone Eout,air,rec + Eh + I/Vpump,ORC

Here, Eom,air,rec represents the thermo-mechanical exergy of outlet air from the cold energy

recovery part and Wtunexp is the work produced by the multistage turbine in the expansion part.

W,

wrorc and Wpump,ORc are the expansion work and pump work in the additional ORC.

5.2.2 Process optimization

The optimization of different LAES configurations in this work is conducted by using a Particle
Swarm Optimization (PSO) algorithm. The PSO algorithm is implemented in Matlab and
connected to Aspen HYSYS simulation models. The objective function and the constraints of

the optimization formulation are provided in Equation (5.5).
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min <y =~ () =
comp Weomp
subject to AT, 210 a={intercoolers 1, 2, ..., N, reheaters 1, 2, ..., M}
AT, >1 b={HX-1, 2, Eva-1, 2} (5.5)
VE, ORC.pump,in 0
VEorc urin = 1

X;p S X< X
Here, AT, is the minimum temperature difference (MTD) of aftercoolers and preheaters, while
ATy is the minimum temperature difference (MTD) for heat exchangers and evaporators.
VFORC pump,in and VForc,ur,in denote the vapor fraction of inlet streams of the pump and the
turbine in the ORC. x represents decision variables in the LAES system, while x.g and xus are

the lower and upper bounds of the variables.

The purpose of optimizing the system is to identify the most promising option among different
LAES configurations. The decision variables in this work include the pressure ratios of
compressors and expanders, the outlet temperature of thermal oil from coolers, the outlet
temperature of air and the recycled air stream from the cold box, and the molar flowrates and
temperatures of the working fluids in the cold thermal energy recovery cycle. In the system
with an additional ORC, the evaporation temperature and pressure and the molar flowrate of
the working fluid are also selected as variables. The degrees of freedom for design are different
in different cases, since the number of compression and expansion stages are varying in the

LAES.

MTDs for heat exchangers are economic parameters trading off investment cost and operating
cost. Transferring heat with large temperature differences increases irreversibilities in the plant,
and these exergy losses are paid for by increased compressor work. In sub-ambient processes,
these exergy losses depend on both the temperature difference and the absolute temperature
level, making it more important to reduce temperature driving forces at lower temperatures. As
aresult, MTDs of aftercoolers and preheaters that are operating above ambient temperature are

assumed to be 10°C, while MTDs for HX-1,2 and Eva-1,2 that are operating significantly
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below ambient temperature are assumed to be 1°C [122]. This is a simplification, but the focus
of this work is not cost minimization, emphasis is on energy efficiency. It is shown in the
literature that below ambient, UAnax is a better design specification than MTD, where UA is
the lumped parameter of heat transfer coefficient and heat transfer area, also referred to as the
heat exchanger conductance [127-129]. In the LAES system with an additional ORC to utilize
the unused compression heat, the inlet stream to the pump should be totally liquid and the inlet
stream to the turbine should be totally vapor. Thus, the vapor fraction of the inlet stream to the
pump and the turbine in the ORC should be 0 and 1, respectively. In reality, the outlet
temperature of compressors should be considered as constraints during optimization. However,
constraints related to the pressure ratio and outlet temperature of compressors and expanders
are not considered in this thermodynamic analysis of the LAES system. The decision variables

and their lower and upper bounds are listed in Table 5.1.

It is worth noting that the pressure ratios of compressors would be relatively high when the
number of compression (or expansion) stages is small in the LAES. In the ADELE and
ADELE-ING projects [130, 131], the combination of an axial LP compressor and a radial HP
compressor has been suggested to elevate the pressure of air from 1 bar to 100 bar with an
outlet temperature of 600°C. Axial and radial compressors have been used in some aerospace
applications with a pressure ratio of up to 40 and in some industrial applications with a pressure
ratio of up to 30 [132]. The upper bound for the pressure ratio of compressors is arbitrarily set

to 20 in this work, which is achievable according to the literature review.
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Table 5.1 Decision variables with lower and upper bounds.

Variables Lower Bounds | Upper Bounds
Pressure ratio for compressors *° 1 20
Pressure ratio for expanders *° 1 10
Thermal oil temperature (Tw2/-12v) (°C)»° 100 230
Cold box outlet air temperature (°C)*® -185 -165
Cold box outlet recycled air temperature (°C) *° -10 29
Working fluid operating temperature (higher) (°C) *° -90 -20
Working fluid molar flowrate (kmol/h) *° 0 200
Working fluid operating temperature (lower) (°C) *° -186 -166
Working fluid molar flowrate in ORC (kmol/h) ® 0.01 800
Working fluid evaporation pressure in ORC (bar) ® 1.1 41
Working fluid evaporation temperature in ORC (°C)° 10 113.6

2 variable bounds for the LAES when the number of compression stages is less than the number of expansion
stages (N<M)

b variable bounds for the LAES with additional ORC when the number of compression stages is greater than or

equal to the number of expansion stages (N>M)

5.3 Results and discussion

In this work, the LAES system with different number of compression and expansion stages is
optimized and compared. It is worth noting that an additional ORC is utilized only when the

number of compression stages is greater than or equal to the number of expansion stages.
5.3.1 Performance of different LAES configurations

Figure 5.3 shows the round-trip efficiency of the LAES system with different number of
compression and expansion stages. It can be seen that when there is a 3-stage turbine in the

expansion part, the RTE of the system reduces with increasing number of stages in the
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compression part. The trend for an LAES system with a 4-stage turbine is different. The RTE
first increases when the number of compression stages is changed from 2 to 3, and then, the
RTE decreases when the number of compression stages continues to increase from 3 to 6. For
the system with 5 stages expansion, the RTE that has a maximum at 4 compression stages is
increased with changing number of compression stages from 2 to 4, and then it is reduced with
further increasing number of compression stages from 4 to 6. Optimization results show that
there exists an optimal match between the number of compression stages and expansion stages.
When the number of expansion stages is 3, 4 and 5, the highest RTE is obtained with 2, 3, and
4 compression stages in the LAES system, respectively. This is due to the fact that the hot
storage cycle connects the compression and expansion parts in a standalone LAES system.
With varying numbers of compression stages, the temperature and flowrate of thermal oil
change, which influences not only the temperature of the air entering expanders but also the
location of pinch points in preheaters before each stage of the expander. The overall best
performance for the LAES system is with a 2-stage compression and a 3-stage expansion, and
the highest RTE is found to be 66.7%. The temperature-entropy diagram for the energy storage
and release mode of the three best matches between compression and expansion stages is

provided in Figure 5.4.
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Figure 5.3 Round-trip efficiency of the LAES for different configurations.
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Figure 5.4 Energy storage and release mode in a T-S diagram for the three best matches

between compression and expansion stages.
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The properties of the thermal oil transferring heat of compression to the expansion section
depend only on the configuration of the compression section. With increasing number of
compressor stages, both the total compressor duty (and thereby the compression heat, see Table
5.2) and the outlet temperature of air from the compressor stages are reduced. This obviously
also reduces the outlet temperature of thermal oil from the aftercoolers, as shown in Figure 5.5.
As mentioned in Section 5.1, even though the compressor duty is decreased with increasing
number of stages, the repeated cooling of air increases the flowrate of thermal oil since it must
be split into more branches. The effect of repeated cooling of air is more important than the
reduced compressor duty. As a result, the flowrate of thermal oil increases with the number of

compression stages, and this is also shown in Figure 5.5.
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Figure 5.5 Molar flow rate and temperature of thermal oil for configurations with 3 expansion

stages and 2-6 compression stages.

Table 5.2 The compression heat recovered by the thermal oil for configurations with 3

expansion stages and 2-6 compression stages.

Compression stages 2 3 4 5 6
Recovered heat duty GJ/h 56.88 47.78  48.11 46.49  41.37
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Focusing on the expansion section, the fact that the flowrate and temperature of thermal oil
have opposite trends with respect to the number of compression stages also means that they
have opposite effects on the preheating of air in the expansion section, and therefore also on
the power generation and round-trip efficiency. Thus, there is a trade-off between mass
flowrate and temperature of thermal oil, which is why there exists an optimal match between
the number of compression stages and the number of expansion stages. This optimal match has
already been presented based on the results in Figure 5.3. For 3, 4 and 5 expansion stages, the
optimal number of compression stages is 2, 3 and 4, respectively. The best combination with 2

compression stages and 3 expansion stages has the highest RTE of 66.7%.

The easiest way to explain the trends in Figure 5.3 is to consider a case with a fixed number of
expansion stages, such as 5. Then the thermal oil must be split into 5 branches and sent to the
air preheaters. With few compression stages, such as 2 or 3, the temperature of thermal oil is
relatively high, but the flowrate of thermal oil is too low, causing a pinch in the cold end of the
preheaters. This means that the expansion part is not able to take advantage of the high thermal
oil temperature, although the situation is somewhat improved from 2 to 3 compression stages.
With 4 compression stages, the composite curves in the preheaters are almost parallel, and the
RTE reaches its maximum value for the case with 5 expansion stages. Increasing the number
of compression stages further to 5 or 6 will result in a too high flowrate of thermal oil, and the
pinch will move to the hot end of the preheaters. Air can now be preheated to a temperature
that is ATmin below the thermal oil temperature, however, this temperature is reduced due to the
relatively large number of compression stages, and the large flowrate of thermal oil also means

that the compression heat cannot be fully utilized.
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Figure 5.6 shows the scope for using ORC to produce power from compression heat that is not
fully utilized in the expansion section. As already explained, such surplus heat will be available
when the number of compression stages is equal to or larger than the number of expansion
stages. The split of thermal oil between the preheaters and the additional ORC is shown as a
function of number of compression stages for 3 expansion stages (Figure 5.6(a)), 4 expansion
stages (Figure 5.6(b)) and 5 expansion stages (Figure 5.6(c)). Unfortunately, the power from
the ORC is not enough to compensate for the reduction in power production in the expansion
section in these cases, partly caused by reduced thermal oil temperature. As a result, for the
entire system (charging and discharging), the RTE will be reduced when the number of
compression stages is increased beyond the optimal number for the given number of expanders

(the 2-3, the 3-4, and the 4-5 matches). This explains the trends in Figure 5.3.

The logarithmic mean temperature differences (LMTDs) of preheaters in different LAES
configurations are listed in Table 5.3. When the LAES system has 3 stages of expansion, a
relatively good match between the temperature profiles of thermal oil and air is obtained with
2 stages of compression. The flowrate of thermal oil is slightly less than required to have
parallel profiles, and the pinch is in the cold end of the preheaters. As a result, the LMTD is
10.8°C in this case. It is observed that the LMTDs for the cases with surplus thermal oil are
10.3°C. Since ATmin equals 10°C, an LMTD of 10.3°C indicates a case with close to parallel
composite curves in preheaters. For the same reason, when the LAES has 4 or 5 stages of
expansion, systems with 3 or 4 stages of compression have better performance compared to
other combinations. The composite curves for the cases mentioned above are shown in Figure
5.7. In Figure 5.7(a)-(c), the composite curves are close to parallel as indicated by the listed
LMTD values, and they have higher RTE values than other cases having the same number of
expansion stages. Figure 5.7(d), in contrast, illustrates an example of composite curves for
preheaters when the system has insufficient amounts of thermal oil in the expansion part. In
this particular case, the LAES system has a 2-stage compressor and a 4-stage turbine, and the
LMTD of the preheaters is 29.1°C. As a result, the relatively large temperature difference

between hot and cold streams lead to a poor performance and a lower RTE of the system.
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Figure 5.7 Composite curves of preheaters in the LAES system: (a) 2-stage compressor and a
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Figure 5.8 Composite curves of preheaters in the LAES system with a 4-stage compressor and

a 4-stage turbine.

In addition, when the number of compression stages is greater than or equal to the number of
expansion stages, composite curves of preheaters in LAES systems with an additional ORC are
similar to and slightly better than Figure 5.7(a)-(c). The reason is that one part of the thermal
oil flowrate is sent to the ORC, while the remaining part has a cooling curve that is parallel
with the air preheating curve. The composite curves of the LAES system with a 4-stage
compressor and a 4-stage turbine are used as an example and shown in Figure 5.8. However,
even if there is a good match between the thermal oil and air temperature profiles, the RTE is
reduced when the number of compression stages is increased from 3 to 4 and the number of
expansion stages is 4. This means that despite the power production in the ORC, there is a
larger reduction in the power production in the expansion part compared to the case with 3
compression stages. The thermal oil temperature is reduced when increasing the number of

compression stages from 3 to 4, and the RTE is reduced.
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Table 5.3 Optimal values for some variables and key performance indicators in different LAES

configurations.
Exp. | Comp. | Preomp | Prexp | LMTDpe | LMTDhcarerore | Ty | SPC W, Wi | T
stages | stages (°0) 0) %) | (W) | (MW) | (MW) | (%)
2 13.11 5.29 10.78 - 86.21 | 243.95 15.01 | 10.00 | 66.65
3 5.24 498 10.27 32.85 86.19 | 204.79 | 12.60 8.19 | 64.99
3 4 3.70 5.43 10.27 20.46 86.62 | 203.41 12.51 7.90 63.12
5 2.86 5.45 10.27 18.11 86.64 | 19593 12.05 7.30 | 60.60
6 2.25 4.82 10.27 20.17 85.98 | 176.83 10.88 6.30 | 57.88
2 12.86 345 29.11 - 86.34 | 241.59 | 14.86 9.55 | 64.23
3 5.31 3.37 11.62 - 86.26 | 207.08 | 12.74 8.32 | 65.32
4 4 3.70 3.56 10.27 21.50 86.57 | 203.05 12.49 8.05 | 64.41
5 2.86 3.57 10.27 18.24 86.65 | 195.96 | 12.06 7.52 | 62.40
6 2.23 3.21 10.27 19.26 85.93 | 175.39 | 10.79 6.30 | 58.42
2 14.19 2.79 39.95 - 86.68 | 252.99 | 15.56 9.64 | 61.93
3 5.34 2.65 21.42 - 86.29 | 207.85 12.79 8.13 | 63.61
5 4 3.72 2.77 10.59 - 86.65 | 204.07 | 12.55 8.05 | 64.10
5 2.89 2.79 10.27 18.26 86.65 | 197.88 | 12.17 7.57 | 62.22
6 222 2.54 10.27 19.56 85.91 | 174.70 | 10.75 6.40 | 59.53

Optimal results for compression and expansion pressure ratios and key performance indicators
(liquid yield, specific power consumption, exergy efficiency and round-trip efficiency) for
different LAES configurations are listed in Table 5.3. It can be seen that optimal pressure ratios,
the power consumption of compressors and SPCs are reduced with increasing number of
compression stages for a given number of expansion stages in the LAES. This is because a near
isothermal operation of compression requires near minimum power consumption. Moreover,
the power production of the discharging part has the same trend as the power consumption of
the charging part. This is because a higher expansion pressure results in more work produced,

but the expansion pressure is constrained to be less than the compression pressure due to the



5.3 Results and discussion 89

cold thermal energy recovery cycles. The cold regasification energy from liquid air is needed
to liquefy compressed air in the LAES system. In order to have driving forces for cold
regasification energy transfer, the liquid air must be at a lower temperature than the compressed
air. After the cold box, the optimal phase separation temperature is around - 176°C for all cases,
since the amount and temperature of cold thermal energy in the cold energy recovery part are
insufficient. With almost constant temperature at the outlet of the cold box, compression
pressure is the only factor that affects the liquid yield of air. A higher charging pressure
increases the pressure drop in the cryo-turbine, with atmospheric pressure at the outlet. This
results in a lower outlet temperature and reduced fraction of air in vapor phase, which improves
liquid yield of air. For the entire system, the use of the hot thermal recovery cycle has decisive
effects on the performance (the inlet temperature of air to expanders and the location of pinch
points in preheaters), and the highest energy recovery ratio of the LAES (RTE) is obtained

when the composite curves of hot and cold streams in preheaters are close to parallel.

The detailed optimization results for an additional ORC in different LAES configurations are
listed in Table 5.4. The heat source is stream HORC (thermal oil, see Figure 5.2) in the LAES
system. The condensation pressure of the ORC is 5.30 bar for all the cases, which is the
saturation pressure of the working fluid at ambient temperature. When the number of
compression stages is less than 6 in the LAES system, the evaporation pressure of the ORC
reaches the upper bound, which is set to 41 bar, i.e. 90% of the critical pressure of the working
fluid, resulting in the largest power output. When the number of compression stages is 6, the
heat source temperature (thermal oil) is less than the saturation temperature of the ORC
working fluid at critical pressure. Thus, the pressure and temperature of the working fluid in
the ORC are less than for the other cases that have 2-5 compression stages. It is shown that the
largest net work output of 605.01 kW is obtained when there is a 4-stage compressor and a 3-
stage turbine in the LAES system. It is worth noting that the net power output in the ORC is
affected by the physical properties of the working fluid (critical pressure and temperature).
Thus, the performance of the ORC may be different for other working fluids.



90 Optimization and Analysis of LAES with Different Number of Compression

and Expansion Stages

Table 5.4 Performance of the additional ORC for utilizing wasted compression heat.

Expansion Compression W;et Porc.con Porceva T eenn Vi/orc,tur Worc,pump
stages stages (kW)  (bar)  (bar)  (°C) (kW) (kW)
2 - - - - - -
3 363.86 530 4100 112.50 39496  31.10
3 4 60501 530  41.00 11200 657.02  52.01
5 57667 530 4100 11032 627.33  50.66
6 36194 530 1864  69.17 37990  17.96
2 - - - - - -
3 - - - - - -
4 4 281.80 530 4100 113.03 30574 23.94
5 37421 530 4100 11044 407.03 32.82
6 21620 530 2122 9248 22680  10.60
2 - - - - - -
3 - - - - - -
5 4 ; - ; ; - -
5 185.89 530  41.00 11037 20221 1632
6 141.81 530 2082 89.56 14875  6.94

5.3.2 Exergy analysis of different LAES configurations

Exergy efficiencies of the compression, cold thermal energy recovery and expansion parts in
the LAES system with different number of compression and expansion stages are shown in
Figure 5.10. From Figure 5.10(a), it can be seen that the exergy efficiency of the compression

part is reduced with increasing number of compression stages. This is mainly caused by the
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increased exergy losses related to irreversibilities in the aftercoolers. The same trend is
observed in Figure 5.10(b) and 11(c). It is worth noting that the exergy efficiencies of the cold
thermal energy recovery part are almost the same in the various cases. The number of
compression and expansion stages has only marginal effects on the cold thermal energy
recovery part. The somewhat obvious reason is that the configuration of this part is the same
in all cases. The exergy efficiencies of the expansion part, however, show significant
differences. These exergy efficiencies are affected by both the heat transfer efficiency in

preheaters and the performance of the ORC.

For the direct expansion part, which means the multistage turbine part, it is observed that when
the number of expansion stages is 3, the highest exergy efficiency is obtained with a 2-stage
compressor in the system. For the system with a 4-stage or 5-stage turbine, the best
performance is obtained when there is a 3-stage or 4-stage compressor. This is in line with the

previous discussion and conclusion based on composite curves in the preheaters.

As already established in Section 5.3.1, the best performance measured by the RTE is obtained
when the flowrate of thermal oil is large enough to have close to parallel temperature profiles
in the preheaters of the expansion part of the LAES. If the flowrate of thermal oil is too small,
the pinch in the preheaters is in the cold end, and air preheat cannot take advantage of the
thermal oil inlet temperature. If the flowrate of thermal oil is too large, the pinch in the
preheaters is in the hot end, which is an advantage for air preheat, but then there is a part of the
compression heat transferred by the thermal oil that is not utilized. In such cases, one could
envisage that the surplus flowrate of thermal oil could be sent to an ORC to produce additional

power while making the composite curves parallel.

The following conclusions can be made based on the results in Table 5.3 and Figure 5.9(a)-(c)

and explained by exergy analysis, as well as the observations in Section 5.3.1:

o Increased flowrate of thermal oil is a result of increased number of compression stages,
and despite a reduction in compression work, irreversibilities in the aftercoolers are

increased. Repeated cooling of air increases with more compression stages, thereby
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increasing irreversibilities due to heat transfer with temperature differences larger than
ZErO0.

e  When the flowrate of thermal oil is larger than required in the expansion section, the
use of ORC both makes the temperature profiles in the preheaters parallel (and thereby
reduce irreversibilities) and produces additional power by utilizing otherwise wasted
compression heat.

e Since the work produced by the ORC is quite small, it cannot compensate for the

additional irreversibilities in the compression part by having more stages.

Considering first the cases without ORC, the maximum exergy efficiency of the expansion part
coincides with the maximum RTE (i.e., 2 compression stages for 3 expansion stages, 3
compression stages for 4 expansion stages, and 4 compression stages for 5 expansion stages).
However, while the RTE is reduced for these cases with increased number of expansion stages
(from 66.7% via 65.4% to 64.2%), the expansion section exergy efficiency is increased with
increased number of expansion stages (from 84.3% via 85.0% to 85.4%). Contributing to the
overall system, exergy efficiency of the compression part is reduced with increasing number
of compression stages (from 89.4% via 88.5% to 87.5%). The larger reduction in exergy
efficiency of the charging part compared to the discharging part explains why there is a

reduction in RTE for the overall system.

As explained before, use of an additional ORC only makes sense when the number of
compression stages is greater than or equal to the number of expansion stages. As can be seen
in Figure 5.9, the maximum exergy efficiency of the expansion section for LAES systems with
an additional ORC is obtained when the number of compression stages is equal to the number
of expansion stages. However, Figure 5.9 also indicates that the exergy efficiency with ORC
is only marginally better than for the optimal case without ORC. For 3 expansion stages, the
exergy efficiency is improved from 84.3% to 84.8%. For 4 expansion stages, a similar
improvement from 85.0% to 85.7% is observed. Finally, for 5 expansion stages, the exergy

efficiency with the use of an ORC is actually reduced from 85.4% to 84.5%. In summary then,
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the power produced by the additional ORC does not justify the investment cost and added

complexity.

As for a standalone LAES system without external heat sources, the exergy efficiency of the
overall system would be very similar to the definition of the round-trip efficiency, which is
why it has not been calculated in this work. The major terms in the exergy efficiency for the
overall system are the work produced in the discharging and the work consumed in the charging.
The minor terms are the thermo-mechanical exergy of the inlet air (which is constant) and the
outlet air, and both terms are negligible. On the other hand, the individual exergy efficiencies
of the charging and discharging parts can help explain the change in RTE. However, the
economic feasibility of the system should be analyzed for a comprehensive evaluation of the

LAES system before any project is implemented, and this is beyond the scope of this work.

100

= Compression part = Cold thermal energy recovery part
# Expansion part ORC
90

3.68
6.24
80
627 4.46
70
84.26
81.09
78.03 76.22 75.72
60
50
2 3 4 5 6

Compression stages

Exergy efficiency (%)

(@)



94

Optimization and Analysis of LAES with Different Number of Compression

and Expansion Stages

Exergy efficiency (%)

Exergy efficiency (%)

100

90

80

70

60

50

100

90

80

70

60

50

= Compression part
= Expansion part

85.00
80.85

= Cold thermal energy recovery part
“ORC
| B 407
2.69
82.80
80.71 78.25
4 5 6

Compression stages

(b)

® Compression part
= Expansion part

82.87
77.95

m Cold thermal energy recovery part
“ORC

1.99
SRR,
854 82.55 90.68
4 5 6

Compression stages

©

Figure 5.9 Exergy efficiencies of the compression, cold energy transfer and expansion parts in

different LAES configurations: (a) 3-stage turbine; (b) 4-stage turbine; (c) 5-stage turbine.
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5.3.3 Effects of additional ORCs

In addition to the ORC for the unutilized part of compression heat, an ORC can also be used to
collect the heat carried by the exhaust air from the last stage expander for further improvement
of the LAES. In this study, we used the same working fluid (R152a, as discussed in Section
5.1) as for the ORCs for unutilized compression heat. As mentioned in Section 5.3.1, the LAES
system with a 2-stage compressor and a 3-stage expander has the best performance, and this
process configuration is selected as the design basis. The process flow diagram of this
configuration is shown in Figure 5.10. In this process, the temperature of exhaust air (stream
D11) is 103.6°C. Optimization results indicate that only 78.2 kW power is produced by the
ORC, and this added power does not justify the investment in an ORC. The RTE of the LAES
system can only be improved from 66.7% to 67.2% with this additional ORC. The
improvement by producing power from the heat of exhaust air is marginal compared to the

system where wasted compression heat is utilized by ORCs.
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Figure 5.10 Flow diagram of the liquid air energy storage with an additional ORC for exhaust

air.

5.4 Conclusions

The scope of this work has been to investigate opportunities for improving the energy
performance of Liquid Air Energy Storage (LAES) systems. While previous work in our group
considered improving the cold thermal energy recovery cycles, this work has focused on the
different configurations of the compression and expansion sections, meaning the number of

compressor and expander stages as well as the hot thermal energy recovery cycle.

The main assumptions in this work are:
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e Constant isentropic efficiencies for varying compressor and expander duties and
number of stages.

o Fixed ATwin for heat exchangers, however, adjusted values for above (10°C) and below
(1°C) ambient temperature.

e Fixed set and composition of the two cold thermal energy recovery cycles.

e RI152a has been selected as the working fluid for all cases involving ORC.

e Pressure ratios have been allowed to vary between 1 and 20.

e No heat losses to the surroundings or pressure drops in piping and equipment.

One important observation from this work is that when the number of compression stages is
greater than or equal to the number of expansion stages, the expansion section is not able to
fully utilize the compression heat that is carried by the thermal oil in the hot energy recovery
cycle. This can easily be explained by relative slopes of the temperature profiles in the air
preheaters. An Organic Rankine Cycle (ORC) has been used to turn this unused compression
heat into power. The LAES configuration with the best performance has been identified by a
systematic optimization-based comparison of the various cases. The following conclusions are

obtained in this study:

e There exists an optimal match between the number of compression stages and
expansion stages in a standalone LAES system. When the number of expansion stages
is 3, 4 and 5, the highest RTE is obtained with 2, 3, and 4 compression stages,
respectively. Among these, the LAES system with a 2-stage compression and a 3-stage
expansion has the highest RTE of 66.7%, which compares nicely with the original work
of Guizzi et al. in 2015 (54.4%).

e ORGC:s are used to recover compression heat that is not fully utilized for preheating air
in the expansion section. The largest net work output obtained for the case with 4-stage
compression and 4-stage expansion is 605.01 kW, unfortunately this work is less than
the reduced expansion work when increasing the number of compression stages from 3
to 4, i.e. the optimal match for the case with 4-stage expansion. This shows that ORCs

can never improve the energy efficiency of standalone LAES systems.
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e For cases with optimal matches between the number of compression stages and
expansion stages, the exergy efficiency of the compression part is reduced with
increasing number of compression stages (from 89.4% via 88.5% to 87.5%), while the
expansion section exergy efficiency is increased (from 84.3% via 85.0% to 85.4%). The
larger reduction in exergy efficiency of the charging part compared to the discharging
part explains the reduction in RTE (from 66.7% via 65.37% to 64.17%). This clearly
indicates that exergy efficiency is a valuable and comprehensive performance indicator

for LAES systems.

The best configuration of the LAES is the system with 2-stage compression and 3-stage
expansion (66.7%). Such high RTE makes the LAES more competitive among various energy
storage technologies in terms of energy efficiency. However, the pressure ratios of compressors
in the best configuration of the LAES are relatively high, and the cost for unconventional
compressors with high pressure ratios is obviously higher than the conventional ones. Thus,

there are several challenges that can be considered in future work:

e A cost analysis can be conducted and used to indicate the profitability and feasibility
of the LAES system with high pressure ratio compressors.

e More case studies are needed to analyze the LAES with additional thermodynamic
cycles.

e Going beyond the standalone LAES system, integration with external hot and cold

thermal energy sources can significantly boost the RTE of the system.

The next chapter will discuss different approaches to utilize the unused compression heat in

the LAES.



Chapter 6 Improved Heat Recovery in Liquid Air
Energy Storage

-

Abstract

~

In Chapter 5, it was found that part of the compression heat is not efficiently utilized in
some layouts for the Liquid Air Energy Storage (LAES) and this limits the round-trip
efficiency (RTE) of the system. In this chapter, Organic Rankine Cycle (ORC),
Absorption Refrigeration Cycle (ARC) and High Temperature Heat Pump (HTHP) are
considered to utilize the surplus compression heat in the LAES system. The ORC and
the ARC are adopted in the LAES system with a 4-stage compressor and a 4-stage
expander, while the HTHP is used to utilize the medium grade compression heat in an
LAES system with a 6-stage compressor and a 3-stage expander. The reason is the
limited number of working fluids available for high temperature heat pump systems.
Results indicate that the ORC, the ARC and the HTHP can effectively improve the
performance of the LAES system with the available surplus compression heat. /

This chapter is based on the publication:

— LiuZ, He T, Kim D, Gundersen T. Optimal utilization of compression heat in liquid air

energy storage. Applied Energy (under review, 2022).
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As mentioned in Chapter 5, the number of compressors and expanders in the charging and
discharging parts has a significant influence on the performance of the LAES. The temperature
and amount of compression heat are varying with different number of compression stages in
the charging part. For example, 54% of compression heat at 109.3°C is not utilized in the
preheaters in the expansion section of an LAES system with a 6-stage compressor and a 3-
stage expander. The corresponding numbers for an LAES system with a 4-stage compressor
and a 4-stage expander are 17% of compression heat at 168.2°C not being utilized in the
discharging part. Based on the reviewed papers [60-66], it is known that Organic Rankine
Cycles (ORCs) are widely studied to utilize the unused part of compression heat to produce
power. This has proven to be an efficient method for system improvement. Furthermore, an
absorption refrigeration cycle (ARC) provides another alternative for the utilization of excess

compression heat.

However, most of the studies related to the ORC-based utilization of compression heat focus
on the improvement of RTE for an LAES with a specific configuration. For an LAES system
with a 4-stage compressor and a 4-stage expander, there is a lack of research on comparing and
selecting different working fluids for the ORC. In addition, the ARC-based utilization of
compression heat in the mentioned papers is aimed to produce a cold stream [60, 63-65]. The
cold stream is either regarded as the heat sink of an ORC or provided as a cold energy product.
It is known that the cold energy from the discharging part is not enough to liquefy air, so
electricity is required to compress air in the charging part. In the available literature, no research
on the utilization of the cold duty produced by an ARC in the cold box for air liquefaction have
been conducted. In addition to ORC and ARC, high temperature heat pumps (HTHPs) are also
promising technologies to utilize waste heat and thereby increase system efficiency [133-141].
HTHPs can efficiently raise the process stream temperature and provide another possibility for
the utilization of compression heat in the LAES. The temperature of compression heat can be
upgraded in the HTHP, and the upgraded compression heat is used to preheat air to increase
the power output in the discharging part. To be profitable, the additional power output must be
greater than the power input to the heat pump. In addition, the investment cost for the heat

pump must be considered.
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In this chapter, three technologies for the utilization of compression heat (ORC, ARC and
HTHP) are applied to different LAES configurations. For the LAES system with a 4-stage
compressor and a 4-stage expander, the temperature of compression heat is around 170°C. An
ORC and an ARC are considered to utilize this high temperature heat source. The ORC is used
for converting excess compression heat to power, while the ARC is aimed at providing cold
duty to the cold box in the charging part. An HTHP is adopted in an LAES configuration with
medium grade compression heat (around 110°C), such as the system with a 6-stage compressor
and a 3-stage expander. The reason is that very few working fluids are available for high
temperature heat pump cycles. Furthermore, different working fluids for the ORC and the

HTHP are selected and compared to identify the best working fluids for these technologies.

6.1 System description

The LAES system with a 4-stage compressor and a 4-stage expander has a high-grade
compression heat (Case I), while the system with a 6-stage compressor and a 3-stage expander
has a medium grade compression heat (Case II). These configurations have been thoroughly
studied in Chapter 5, and they are regarded as reference cases with available surplus
compression heat. Thus, an ORC and an ARC are introduced to utilize the surplus high-grade
compression heat in Case I, while an HTHP is selected to utilize the surplus medium grade

compression heat in Case II.

6.1.1 LAES system with an ORC for utilization of surplus high-grade

compression heat

The process flow diagram of the LAES system with an ORC is shown in Figure 6.1. Surplus
compression heat (stream H4) is used as heat source for the ORC. The working fluid in the
ORC is first pumped to high pressure, and then it is preheated and evaporated by recovering
surplus compression heat. After the working fluid is fully regasified, it is expanded to generate

power. The exhaust stream from the expander provides heat to a preheater before the stream is
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liquified by a water cooler. In this work, subcritical ORCs are selected with the consideration

of operational feasibility, safety and investment cost. To ensure stable operation of the ORC,

the pressure of working fluids in the ORC should be below the near-critical region, here set to

be below 90% of the critical pressure [142, 143]. Eight substances have been considered as

working fluids for the ORC in the LAES system. The performance of different working fluids
of the ORC is discussed in Section 6.3.1.
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6.1.2 LAES system with an ARC for utilization of surplus high-grade

compression heat

The flowsheet of the LAES system with an ARC is shown in Figure 6.2. Ammonia-water is
the working fluid of the ARC. The ammonia solution (A1) is pumped and preheated before
entering a distillation column to be separated. The pure ammonia stream obtained at the top of
the column is first precooled by cooling water and then throttled to generate refrigeration
capacity for the cold box. After the cold energy of the ammonia regasification is delivered to
the cold box, the ammonia stream is sent back to an absorber. The product in the bottom of the
distillation column is a lean ammonia solution, which is then sent to a preheater to heat the feed
stream to the column. The lean ammonia stream is next throttled before it is sent back to the
absorber to be mixed with pure ammonia. It is worth noting that the heat source of the ARC is
surplus compression heat (stream H4), which provides the heat duty in the reboiler of the

column. The cold energy generated from the ARC is sent to the cold box to liquefy more air.
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Figure 6.2 Flow diagram of liquid air energy storage with an ARC.

6.1.3 LAES system with an HTHP for utilization of surplus medium grade

compression heat

As discussed in Chapter 5, a medium grade compression heat of 109.3°C is obtained when
there is a 6-stage compressor in the charging part. The schematic of the LAES system with an
HTHP to utilize the medium grade compression heat is shown in Figure 6.3. The medium grade
compression heat is split into two streams H3 and H4. Stream H4 is sent to heat exchanger HP-
Eva, where surplus compression heat is used to evaporate the working fluid of the HTHP. The
vapor is then pressurized in a compressor, and the outlet stream of the compressor is at high
temperature, which is used to increase the temperature of stream H3. The enhanced stream H3
is sent to heat exchangers to preheat air before expansion stages and thereby increase the power
production. Eight substances have been selected as potential working fluids of the HTHP, and

the results will be discussed in detail in Section 6.3.3.
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Figure 6.3 Flow diagram of liquid air energy storage with an HTHP.

6.2 Process evaluation and optimization

This section introduces the detailed definitions of key performance indicators (KPIs) that are
used to evaluate different configurations of the LAES. The optimization algorithm for the

LAES is then provided.
6.2.1 Process evaluation

The performance of the LAES system can be evaluated by round-trip efficiency and exergy

efficiency. The definition of the round-trip efficiency was given in Section 3.1, thus, this will
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not be discussed in detail to avoid repetition. Detailed exergy efficiencies for different LAES
systems will be provided in this chapter. In addition, the thermal efficiency of the ORC and the
Coefficient of Performance (COP) of the ARC and the HTHP are calculated to indicate the

performance of different thermodynamic cycles.

The exergy efficiencies of the charging and discharging parts (ﬂEch and ﬂEdc) of the LAES-

ORC, LAES-ARC and LAES-HTHP systems are given by Equations (6.1) - (6.6).

W, ouen + Eig + E,
77E — cryotur,ch liq (61)
hOoRe I/V(,omp ch + E + E
Wur .t E +W,
77E ‘ — tur,d ORC (62)
eone VVpump dc + Ellq + E
W'C ‘otur,c! + El + E
Wi = T (6.3)
- I/Vcompch +Ec +Efa +WARC
VVtur dc + E
M e = (6.4)
oARe I/Vpumpdc +th +E
W: 'otur,Cl + El + E
n; = owrch g (6.5)
i Wmmp o T E + E + WHTHP
I/Vtur dc + E
; = 6.6
nE ety I/Vpump dc + Ellq + E ( )
Here, W, 4> Wy o and W, are the expansion work of expanders, the work consumed in

the pump and the net work production in the ORC in the discharging part. WARC is the work

consumed by the pump in the ARC, and W, is the compression work in the HTHP. The
performance of the ORC, the ARC and the HTHP is provided by Equations (6.7) - (6.9).
WORC

ore QORC
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COP,. = e (6.8)
WARC + QHeaterS
COP,p = Qi (6.9)

WHTHP
Here, QORC represents the heat duty of the evaporator (Heater 5) in the ORC in Figure 6.1. QARC
is the cold energy produced in the ARC and then delivered to the cold box, and O, is the

heat input to the reboiler of the column in Figure 6.2. O,y is the heat duty of the condenser

(HP-Con) in the HTHP in Figure 6.3.
6.2.2 Process optimization

The LAES system with different thermodynamic cycles is optimized by using a Particle Swarm
Optimization (PSO) algorithm. The PSO is executed in Matlab, version R2018a [121], which
provides the input to the HYSYS model and collects stream data from the simulated LAES
system. The objective is to maximize the RTE of the LAES with different thermodynamic
cycles to utilize the surplus compression heat. The equation for the objective function can be
found in Section 3.3. The constraints for different LAES systems are listed in Table 6.1. It is
worth noting that the optimization is performed only for the ORC and the HTHP cycles in the
LAES-ORC and the LAES-HTHP systems, since only hot oil stream H4 is affected. However,
the situation is different for the LAES-ARC system. The cold duty generated from the ARC is
provided to the cold box, which affects the performance of the overall system. Thus, the
optimization is implemented for the entire LAES-ARC system. In order to balance heat transfer
efficiency and cost of heat exchangers in all three cases (ORC, ARC and HTHP), the minimum
temperature difference (ATmin) of heaters and coolers is assumed to be 10°C, while the ATmin
of low temperature heat exchangers (the cold box and evaporators) is set to 1°C [122]. For the
LAES-ARC, the purity of ammonia in the top of the distillation column is constrained to be
larger than 0.999. In addition, to ensure that the surplus compression heat is transferred to the

reboiler, the outlet temperature of Heater 5 is assumed to be 10°C larger than the bottom stream
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of the column. The decision variables for the LAES system with different thermodynamic

cycles are listed in Table 6.2, where the upper and lower bounds for the variables are provided.

Table 6.1 Constraints for the LAES-ORC, LAES-ARC and LAES-HTHP systems.

Constraints

ATcon/eva > IOOC

VF; in,pump,ORC = 0

LAES-ORC
VFinturorc = 1
VFout,lur,ORC = 1
ATheater/cooler = 10°C
ATmsHX/eva> 1 °C
LAES-ARC

xnH3 > 0.999

Tout,Heater 5= TA4 2 IOOC

ATconreva> 10°C

VFincompup = 1

LAES-HTHP VFout,comp,p = 1
Toutcomp < Toer

Pout,comp < Per

6.3 Results and discussion

The Organic Rankine Cycle (ORC), the Absorption Refrigeration Cycle (ARC) and the High
Temperature Heat Pump (HTHP) are selected to utilize the waste compression heat at different
temperature levels in the LAES system. The performance of these thermodynamic cycles is

discussed in the following.
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6.3.1 Analysis of the LAES system with an ORC

As illustrated in Figure 6.1, a part of the high temperature compression heat in Case I will be

recovered by the ORC rather than wasted. Stream data for the optimized LAES system with

available surplus compression heat for the ORC is shown in Table 6.3. From this table, it is

observed that around 17% of the compression heat at 168.2°C is in surplus. ORC is regarded

to be one of the solutions to utilize this surplus high temperature compression heat in the LAES.

Table 6.2 Lower and upper bounds for decision variables of the LAES-ORC, LAES-ARC and

LAES-HTHP systems.

Variables Lower Bounds  Upper Bounds
Condensation pressure (bar) * 1.0 0.9pcr
Evaporation pressure (bar) * 1.1 0.9pcr
Working fluid evaporation temperature (°C) ? 50 Ter
Working fluid molar flowrate (kmol/h)? 0.1 800
Pressure ratio for compressors ° 1.0 5
Pressure ratio for expanders ° 1.0 10
Thermal oil temperature (°C) ° 100 230
Cold box outlet air temperature (°C) ® -185 -165
Cold box outlet recycled air temperature (°C) ° -10 29
Working fluid operating temperature (higher) (°C) ® -90 -20
Working fluid molar flowrate (kmol/h) ® 0.1 3000
Working fluid operating temperature (lower) (°C) ° -186 -166
Condensation pressure (bar) ¢ 1.1 Der
Evaporation pressure (bar) © 1.0 Der
Working fluid evaporation temperature (°C) ¢ 50 Tor
Working fluid molar flowrate (kmol/h) ¢ 0.1 800

2 variable bounds for the LAES-ORC system
® variable bounds for the LAES-ARC system
¢ variable bounds for the LAES-HTHP system
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The thermodynamic properties of the working fluid are crucial for the ORC and will thereby
affect the performance of the LAES system. A comparison of working fluids should be
conducted to identify the most suitable medium that leads to the largest net work production of
the ORC and the highest RTE of the LAES. Working fluids for typical ORCs have been
investigated widely, and a large number of candidates can be considered for the selection in
this chapter. Thus, a pre-selection is needed to reduce the workload of screening working fluids
for the ORC in the LAES system. The criteria for selection of working fluid for the ORC take
physical properties, environmental impact, economics and operational feasibility into

consideration, and the most important ones are the following:

1) Freezing point of the working fluid should be lower than ambient temperature to avoid
the formation of solids in the ORC.

2) Ozone Depletion Potential (ODP) of the working fluid should be 0 and the Global
Warming Potential (GWP) of the fluid should be low.

3) The working fluids should be non-corrosive, non-toxic and innoxious to humans.

4) Low cost working fluids are more favorable.

5) In order to avoid a pinch limitation in the evaporation heat exchanger (Heater 5) in the
ORGC, the critical temperature of the working fluid should be lower than the temperature
of the heat source (stream H4). However, the critical temperature should not be too low,

since that would result in large exergy losses in Heater 5.

Based on the criteria listed above, eight working fluids that are studied as candidates for the
ORC are listed in Table 6.4. As mentioned in Section 6.1.1, subcritical operation is applied for
the ORC. Figure 6.4 illustrates the net power output of ORCs with different working fluids that
utilize the high temperature surplus compression heat in the LAES system. It is shown that
R600a and R152a are the top 2 working fluids in terms of net power output. Table 6.5 shows
the optimal operating variables for the eight working fluids, such as condensation and
evaporation pressures, temperature, heat duty and logarithmic mean temperature difference
(LMTD) of the evaporator, and work of the turbine and pump. The smallest LMTD of the

evaporator and the largest pressure ratio between evaporation and condensation are obtained
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in the cycle using R600a as the working fluid. This leads to the smallest exergy loss in the
evaporator and the largest net power output and thermal efficiency of the cycle. This also results

in the largest RTE of 64.5% in the LAES-ORC system.
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Table 6.4 Properties of working fluids investigated in this study.

) Chemical
Fluids T (°C)  per(bar)  Top (°C)  ODP  GWPigo
formula
R125 C2HFs 66.02 36.19 -48.11 0 3500
R143a CoHsF3 72.73 37.64 -47.34 0 4470
R1270 CsHs 92.44 46.64 -47.69 0 2
R290 C3Hs 96.67 42.42 -42.08 0 3
R134a CoHF4 101.03 40.56 -26.07 0 1100
R152a C2H4F2 113.55 45.00 -24.95 0 124
R600a C4H0-2 134.83 36.54 -11.79 0 3
R600 C4Hjo-1 152.00 37.96 -0.51 0 4
350
300
z
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&
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§ 200
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R125 RI143a R1270 R290 R134a RI152a R600a R600

Figure 6.4 Net power output of different working fluids for the ORC when utilizing the surplus

high temperature compression heat in the LAES.
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It can be noticed that the LMTD of the evaporator in the cycle with R134a is slightly smaller
than the cycle using R152a as the working fluid, while the net power output is larger for the
cycle with R152a. This is because the critical pressure of working fluid R152a is quite high (45
bar, see Table 6.4), and the pressure ratio of the expander in the ORC using R152a as the
working fluid is larger than the cycle with R143a. As a result, the power output of the cycle
with R152a is larger than the cycle with R134a. The working fluid R600 has the second largest
thermal efficiency for the ORC in converting compression heat to power. However, the power
output of the cycle with R600 is lower compared to the cases using R600a, R152a and R134a
as working fluids, since the heat recovered in the evaporator (1663.6 kW) is the smallest. This
is due to the fact that there exists a trade-off between the amount of recovered heat and the
pressure ratio of the turbine in the ORC. A higher evaporation pressure is preferred to have a

larger power output.

However, to avoid pinch limitation in the evaporator, the amount of recovered heat in the
evaporator may not be satisfactory, as the case using R600 as the working fluid shows. For
other working fluids with a low critical temperature (e.g., R125, R143a and R1270), the amount
of recovered heat in the evaporator is large, while the pressure ratio of the turbine in the ORC
is limited, and therefore the power output and thermal efficiency of the cycle is low. In addition,
the high GWP100 for R125, R143a and R134a makes them less competitive than other working
fluids in this chapter. Thus, it is the working fluid with proper critical temperature and pressure
(R600a) and a moderate amount of recovered heat in the evaporator that has the maximum

power output.
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6.3.2 Analysis of the LAES system with an ARC

Stream data of the optimized LAES-ARC are provided in Table 6.6. Figure 6.5 shows the
composite curves of the cold box in the LAES system without and with an ARC. It is noticed
that the LMTD for MSHX-1 is larger for the LAES system with an ARC (4.05°C) compared
to the system without an ARC (1.71°C) due to the constant temperature during ammonia phase
changing. However, the increased cold energy from ammonia regasification in MSHX-1 leads
to a larger liquid yield and a slightly lower charging pressure in the charging part of the LAES-
ARC system, as shown in Table 6.7. A higher liquid yield of air means that less air needs to be
re-compressed, and less compression work is required in the charging part of the LAES-ARC
system compared to the system without an ARC. Thus, with the ARC to utilize the surplus
compression heat, the RTE of the system is increased to 63.5% due to the reduced compression

work in the charging part.
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Table 6.7 Performance of the LAES system with an ARC.

LAES LAES-ARC

COP - 0.64
Oroianox (K/kg2) 34624 353.26
LMTDusix1 (°C) 171 4.05
LMTDwsux-2 (°C) 2.50 2.41
Ppen (bar) 187.12 186.02
pde (bar) 159.81 148.26
My (%) 86.57 89.60
W, (MW) 12.50 12.06
W, (MW) 7.76 7.65
RTE (%) 62.13 63.47

6.3.3 Analysis of the LAES system with an HTHP

The temperature and amount of thermal oil vary with different number of compression stages
in the charging part of the LAES system. A lower temperature of thermal oil at 109.3°C is
obtained in the LAES with a 6-stage compressor compared to the system with a 4-stage
compressor (168.2°C). Stream data for the heat recovery cycle in Case II, which is illustrated
in Figure 6.3, are shown in Table 6.8. In this work, the HTHP is selected to utilize the medium
grade compression heat in the LAES system. As for the selection of working fluid for the
HTHP, in addition to the mentioned concerns about physical properties and economics
mentioned in Section 3.1, three significant criteria should be considered for the working fluid

selection:
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1) Operational feasibility: The evaporation temperature of the heat pump should be lower
than the temperature of the medium grade compression heat in the LAES. Moreover,
the critical temperature of the working fluids of the heat pump should be higher than
the temperature of the compression heat.

2) Coefficient of Performance: The COP reveals the efficiency to convert work to heat in
heat pumps.

3) Environmental impact: To mitigate the progress of global warming, potential

greenhouse gases should be avoided.

Taking the above concerns into consideration, eight working fluid candidates with critical
temperature higher than 109.3°C are considered and listed in Table 6.9. Some key parameters
and the performance of the HTHP with different working fluids are shown in Table 6.10, such
as the mass flow rate of the working fluid, heat duties and temperatures of evaporators and
condensers, the work consumed in the compressor and the heat pump, the work consumed in
the charging part, and the work produced in the discharging part of the LAES system. It is
observed that the system using R1233zd as the working fluid in the heat pump has the highest
upgraded temperature of the compression heat (155.1°C), and thereby the highest RTE of the
LAES-HTHP system. The reason is that the heat duty of the evaporator in the heat pump is the
main factor that influences the temperature of the upgraded compression heat, and the power
production in the LAES-HTHP system as well. The heat source for the heat pump is a part of
surplus compression heat in the LAES system, which is regarded as free. The largest heat
recovery in the evaporator will lead to the largest condensation heat in the heat pump, which is
beneficial for the power generation in the discharging part of the LAES system. For the cycle
using R1233zd as working fluid, the heat recovered in the evaporator achieves a maximum of
2.0 MW, and the largest heat duty of 2.7 MW is obtained in the condenser to be released to
upgrade the compression heat. Although compression work is the largest and COP is the
smallest for the heat pump cycle with R1233zd, the additional work produced in the
discharging part of the LAES system can justify the compression work in the heat pump due
to the upgraded compression heat. Another advantage of selecting R1233zd is that it is a
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hydrofluoroolefin (HFO) with low environmental impact, achieving the phase-out of

hydrofluorocarbons (HFCs) [144].

Table 6.9 Properties of working fluid candidates for the HTHP.

Fluids Chemical = 7 0C) pu(bar) Tw(C) ODP  GWPioo
formula

R600a CsHio-2 13483 3654  -11.79 0 3

R600 CiHio-1 15200 3796  -0.51 0 4
RI234ze  CsHLFeN2 15012 3537 9.80 0 1
R245fa° C3H3Fs 15405 3640  14.90 0 858
R1233zd  C;H.CLF:NI 16560 3570 1830  0.00034 1

R601a CsHpp-2 18725 3334  27.88 0 4

R601 CsHip-1 19645 3375  36.06 0 4
n-Hexane CeHus 23475 3032 68.73 0 <6

* Even though R245fa has a large GWP1o, it is selected as a traditional refrigerant to be compared with other
low-GWP refrigerants in this work.
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6.3.4 Comparison of LAES combined with ORC, ARC and HTHP Cycles

Table 6.11compares the performance of different LAES configurations studied in Chapter 5
and the work presented in this chapter. Based on the analysis of different thermodynamic cycles
in the LAES system in Sections 6.3.1-6.3.3, the best performance of LAES-ORC, LAES-ARC
and LAES-HTHP systems are selected to be compared with the standalone LAES system. It is
seen that the optimal LAES case with a 2-stage compressor and a 3-stage expander still has the
best performance. However, the operational and economic feasibility of this optimal case can

be questioned due to the large pressure ratios in compressors.

For the LAES systems with more feasible pressure ratios and available surplus compression
heat (i.e. 4-stage compressor and 4-stage expander), the largest power generation from the
additional ORC is 302.0 kW. The exergy efficiency of the discharging part in the system with
an ORC is increased from 84.3 to 86.4%, while the exergy efficiency of the charging part is
unchanged. The reason is that the power produced in the ORC leads to an increase in the total
power production and the exergy efficiency in the discharging part. The RTE of the LAES
system with an ORC is increased from 62.1 to 64.5%.

For the system with an ARC to utilize the surplus compression heat, the compression work in
the charging part is reduced, and the liquid yield of air is increased to 89.6% since the cold
duty generated from the ARC is provided to the cold box for the liquefaction of air. The RTE
of the LAES-ARC system is increased from 62.1 to 63.5% compared to the standalone LAES
system with the same number of compression and expansion stages. It is worth noting that a
part of surplus compression heat is required to provide heat duty to the reboiler of the
distillation column, and pump work is also needed to pressurize the working fluid (ammonia-
water solution) in the ARC. Thus, the decreased compression heat from the charging part and
the additional pump work in the ARC result in a reduced exergy efficiency in the charging part
of the LAES-ARC system compared to the system without an ARC. The exergy efficiency of
the discharging part is increased due to the reduction of the exergy input associated with

reduced compression heat.
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Table 6.11 Comparison between different LAES configurations investigated in Chapter 5 and

the work presented in this chapter.

Optimal LAES-  LAES- LAES-
KPIs LAES LAES

LAES ORC ARC HTHP
Compression stages 2 4 4 4 6 6
Expansion stages 3 4 4 4 3 3
Additional cycle - - ORC ARC - HTHP
W, (MW) 15.00 12.50 12.50 12.06 10.88 11.59
W, (MW) 10.00 7.76 8.07 7.65 5.94 6.76
Ny (%) 86.21 86.57 86.57 89.60 85.98 85.98
M, (%) 88.31 86.67 86.67 84.45 86.06 84.44
M, (%) 86.65 84.28 86.35 86.76 80.29 85.91
RTE (%) 66.65 62.13 64.54 63.47 54.56 58.27

High temperature heat pumps are considered to utilize medium grade compression heat in the
LAES system. It is observed that the compression work is increased, and the exergy efficiency
is reduced for the charging part of the LAES-HTHP system. This is due to the fact that the
compressor in the HTHP provides heat to upgrade the compression heat in the LAES system
by consuming work, which will be added to the work consumed in the charging part. Thus, the
power consumption in the charging part is increased and, as a result, the exergy efficiency of
the charging part is decreased. However, the enhanced compression heat results in an increase
in the work production in the discharging part. The increased work production can justify the
increased work consumption in the LAES-HTHP system. The RTE of the LAES-HTHP system
reaches 58.3%, which is an increment of 3.7% points compared to the system without an

HTHP.
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6.4

Conclusions

This chapter presents three thermodynamic cycles to utilize the surplus compression heat in

the LAES system in order to improve the performance of the overall system. The three

thermodynamic cycles are Organic Rankine Cycle (ORC), Absorption Refrigeration Cycle
(ARC) and High Temperature Heat Pump (HTHP). The ORC and ARC are considered for the

utilization of the high temperature compression heat in the LAES system with a 4-stage

compressor and a 4-stage expander, while the HTHP is utilizing medium grade compression

heat in an LAES system with a 6-stage compressor and 3-stage expander. The three processes

are simulated in Aspen HYSYS and optimized by using a Particle Swarm Optimization

algorithm. The conclusions are summarized as follows:

For the ORC to utilize the high temperature surplus compression heat, eight working
fluids are selected and compared to identify the best working fluid for the ORC in the
LAES system with a 4-stage compressor and a 4-stage expander. Optimization results
show that the cycle using R600a as working fluid has the largest net power output of
302.0 kW, and the RTE of the overall system is improved from 62.1 to 64.5% compared
to the system without an ORC.

The ARC utilizes part of the surplus high temperature compression heat to generate
cold duty. The cold duty is then supplied to the cold box to increase the liquid yield of
air, which is improved from 86.6% to 89.6%. The exergy efficiency of the charging
part is reduced from 86.7 to 84.5%, while the exergy efficiency of the discharging part
is increased from 84.3 to 86.8%. The RTE of the LAES-ARC system reaches 63.5%.
In the HTHP cycle, the heat source is part of the medium grade surplus compression
heat. The LAES with eight suitable working fluids for the HTHP are optimized and
compared, indicating that the additional power production in the discharging part due
to the upgraded compression heat can justify the work consumption in the heat pump.
The largest RTE of the LAES-HTHP is obtained by using R1233zd as working fluid,
and the RTE is improved from 54.6 to 58.3% compared to the LAES without an HTHP.
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Optimization results show that the ORC, the ARC and the HTHP are effective methods to
improve the performance of the LAES system by utilizing available surplus compression heat.
It is worth noting that the LAES system with additional thermodynamic cycles is not
comparable to the optimal LAES system with a 2-stage compressor and a 3-stage expander
from an energy efficiency point of view. However, the pressure ratios of compressors in the
thermodynamically optimal LAES system are relatively large, and the feasibility in a real
application of the process can be questioned. In addition, cost evaluation of the optimal LAES
case and the LAES system with ORC, ARC and HTHP should be conducted to identify the
most profitable LAES configuration. An LAES with an ARC is more complex with a larger
number of units compared to the other configurations, which is expected to give a higher capital
cost. Also, even with an improvement of 3.7%, the use of an HTHP in LAES systems may not
be a good idea, as a multi-stage compressor is required in order to have compression heat
temperatures that the HTHP can handle. To evaluate different LAES configurations

comprehensively, an economic analysis of the LAES is conducted in the next chapter.






Chapter 7 Economic Analysis of some Liquid Air
Energy Storage Configurations with Combined Hot

Water and Power Supply

\

Abstract

In order to evaluate the economic feasibility and identify the most economic layout for
a standalone LAES system, this chapter presents an economic comparative analysis of
four LAES configurations with a storage capacity of 10 MW / 80 MWh. The net present
value (NPV), payback period and levelized cost of storage (LCOS) are used as financial
evaluation indexes. In addition, a comparison between the LAES and other energy
storage technologies indicates that the LAES system has a better economic performance
than Li-ion and Pb batteries, but it has a larger LCOS than Pumped Hydroelectric Energy
Storage (PHES) and Compressed Air Energy Storage (CAES). This means that the
LAES is a promising energy storage technology, but still needs to be further investigated

\to improve its competitiveness. /

This chapter is based on the following publication.

— Liu Z, Kim D, Gundersen T. Techno-economic analysis of different liquid air energy

storage configurations. Chemical Engineering Transactions. 2022;94:241-246.



130 Economic Analysis of some Liquid Air Energy Storage Configurations with

Combined Hot Water and Power Supply

The thermodynamic performance of the LAES has been thoroughly studied in Chapters 4-6.
However, it is also important for a real-life application of the LAES to perform an economic
evaluation. Most existing publications perform economic analyses either on a specific layout
for the LAES system or on an integrated system between the LAES and external hot and cold
thermal energy sources [74-83]. There is a lack of comparison between different configurations
for a standalone LAES, which will also be valuable for integrated systems. In Chapter 5, the
thermodynamic optimum was found to be when there are few compression stages with large
pressure ratios. However, a system with maximum energy efficiency is not necessarily the most
economic option. The cost for unconventional compressors with high pressure ratios is
obviously considerably higher than the conventional ones, a fact that is neglected in most
studies. An extra cost factor is applied in our studies to compressors with high pressure ratios
for more realistic comparison with other processes. In this chapter, the economic performance
of four different layouts for a standalone LAES is investigated and compared. The net present
value (NPV), the payback period and the levelized cost of electricity (LCOE) are used for the
evaluation of different LAES configurations. The purpose of this study is to investigate the

economic feasibility of a standalone LAES system.

7.1 System description

In this chapter, hot water is an additional product besides electricity for making profit. This is
achieved by utilizing waste heat in the LAES system to heat cold tap-water from 20°C to 65°C.
The waste heat in the system consists of the remaining compression heat carried by thermal oil

after the expansion part and the heat in the exhaust air after the last expansion stage.
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Table 7.1 Main parameters and key performance indicators of some LAES configurations.

Parameters Unit Casel Case2 Case3 Case4
Molar flow rate of air kmol/h 2131.62 2563.35 2745.96 2650.67
Pressure ratios of compressors - 13.05 5.29 3.69 3.69
Charging pressure bar 171.85 149.84 187.12 187.12
Discharging pressure bar 148.41 129.13  159.81 159.81
Compression work MW 15.00 15.31 16.09 15.53
Expansion work MW 10.00 10.00 10.00 9.65
Net work output from ORC MW - - - 0.40
O MW 422 332 314 -
ATacrpre °C 10.00 10.00 10.02 10.02
ATcoldbox/eva °C 1.00 1.02 1.01 1.01
Liquid yield % 86.21 86.26 86.62 86.62
RTE % 66.65 65.32 62.16 64.41

From the results of the thermodynamic analysis for different LAES configurations in Chapter
5, the highest RTE is obtained for an LAES system with a 2-stage compressor and a 3-stage
expander, which is selected as Case 1 in this study. This is followed by a system with a 3-stage
compressor and a 4-stage expander, which is regarded as Case 2. One of the challenges for the
top two LAES configurations is that the pressure ratios for the compressors are so high that
conventional compressors are not suitable. Moreover, cost data for unconventional
compressors with high pressure ratios and outlet temperatures are not available. Thus, an extra
cost factor is applied for these units, and this is discussed in detail in Section 7.2.1. Case 3 is
an LAES system with a 4-stage compressor and a 4-stage expander, which has moderate
pressure ratios of less than 4 and conventional compressors can be used. From the results shown
in Chapter 5, it can be seen that the performance of the LAES is improved when an additional

Organic Rankine Cycle (ORC) is used to convert the unused compression heat to work.
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Therefore, Case 4 is testing the economic feasibility of Case 3 with the additional ORC. Cases
1 - 3 are variants of a standalone LAES system shown very simplified (symbolic) in Figure 7.1,
and the only difference between the three configurations is the number of compression and
expansion stages. An additional ORC used in Case 4 makes it different from Cases 1 - 3, as
illustrated in Figure 7.2. It is worth noting that there is no available waste heat from neither
thermal oil nor exhaust air to produce hot water in Case 4, since the waste compression heat is
used to drive the ORC. Thus, the heat duty of the water heater is left blank in Table 7.1 for
Case 4. In this work, it is assumed that the LAES system has a storage capacity of 10 MW / 80
MWh aimed at providing auxiliary services to renewable power plants. The main parameters

and key performance indicators of the four cases are listed in Table 7.1.
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Figure 7.1 Simplified flowsheet of a standalone LAES system with hot water production.
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7.2 Methodology and data

First in this section, models for total capital investment cost, annualized post-production cost,
and annual income are introduced. Then economic evaluation indexes are presented. Finally,

the initial conditions and assumptions for economic assessment of the LAES system are

provided.

7.2.1 Economic model
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Figure 7.2 Flowsheet of an LAES system with an additional ORC.
7.2.1.1 Total capital investment cost

The total capital investment cost (Crcr) consists of the total bare-module investment cost (Csm),

the contingency cost and contractor fee (Ccc), the land acquisition cost (CLa), and the working
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capital cost (Cwc), as given by Equation (7.1). The working capital cost is a part of start-up
capital used to fund the initial operating phase of the plant before it earns revenue. This part of
the cost is recoverable at the end of the project; thus, it is excluded from depreciation. The
calculation methods for total capital investment cost of an LAES plant are provided in Table

7.2.

Croi = Cay +Cec + €y + Cyc (7.1
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7.2.1.2 Annualized post-production cost

Annualized post-production cost (Capc) is the sum of the total annual operating cost and the
depreciation of capital investment, as given by Equation (7.2). The estimation of the annualized

post-production cost is summarized in Table 7.3.

Cupe =Choc + 6, (7.2)

The total annual operating cost (Caoc) is composed of maintenance cost (Cmc), labor cost

(Cvrc), and utility cost (Cuc), as shown in Equation (7.3).

Croc =Cuc +Cic +Cyc (7-3)
Table 7.3 Estimation of annualized post-production cost of an LAES plant.
Term Assumptions Reference
Cmc 6% of total capital investment cost [149]

Plant operates with 20 workers with an annual salary of
Cic [150]
56,310 $/person

C Sum of the electricity cost at low demand times and the
uc . . .
cooling water cost for cooling duties.

Cp n="0.85; f=0.05 [75]

The depreciation of capital investment (Cp) is the difference between the purchase and
installation cost before the plant is put into operation and the gains obtained by selling
equipment when the plant is closed. This is taken as an expense each year. In this work, the Cp

is calculated by using the straight-line method, which is provided by Equation (7.4).

CD _ CTCI ﬂ(l_ﬂ) (74)
N
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Here, 7 is the conversion ratio of the total capital investment to depreciable assets (excluding

the working capital cost); £ is the residual value ratio; and N denotes the depreciation period

(year).
7.2.1.3 Annual income model

The profit can be obtained by selling stored electricity at high demand times and hot water
supplied to domestic hot water systems. The annual income model (Car) is given by Equation

(7.5).

CAI = W Chd .han +Qwh . Chw (75)

Here, W denotes the power production in the discharging process (kW); O, is the heat duty

of the water heater (kW); Crhaand Chw are the electricity price during high demand periods and
the hot water price ($/kWh); and han represents the annual number of hours for power

generation (h/year).
7.2.1.4 Financial evaluation index

The economic performance of the LAES system is evaluated by net present value (NPV),
payback period and levelized cost of storage (LCOS). The definitions of the three financial

evaluation indexes are provided in Section 3.1.
7.2.2 Initial conditions and assumptions

In order to apply the economic estimation to an LAES system as given by Equations (7.1) -
(7.5) and Equations (3.8) - (3.10), the key input parameters for the calculations are summarized
in Table 7.4. The operating strategy for the LAES is to store electricity during off-peak periods
at a low electricity price and recover electricity during on-peak periods at a high price. The hot
water can also be supplied for domestic hot water systems. However, the cost of cold water is

neglected.
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Table 7.4 Key input parameters for cost estimation of an LAES plant.

Parameters Unit Value
Plant life time years 30
Electricity storage time h 8
Electricity release time h 8
Annual operating time h 4800
Interest rate % 8
Off-peak electricity price® $/kWh  0.20
On-peak electricity price® $/kWh 0.58
Hot water price [152] $/kWh  0.081

2 Electricity prices for on-peak and off-peak periods

are for the Hawaii area [151].

7.3 Results and discussion

The economic analysis of the four case studies is discussed in Section 7.3.1. A sensitivity
analysis of the on-peak and off-peak electricity prices, the extra cost factor, and the annual
operating hours for the LAES system is carried out in Section 7.3.2. Finally, the comparison

between the LAES and other energy storage technologies is provided in Section 7.3.3.
7.3.1 Comparison of different LAES configurations

The total capital investment cost of some LAES configurations is shown in
Figure 7.3. It is observed from

Figure 7.3 that the cost of the compression part accounts for the largest portion in the LAES
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configurations. This indicates that the extra cost factor for compressors with high pressure
ratios has a significant effect on the LAES system, and a sensitivity analysis for the extra cost
factor will be conducted in Section 7.3.2. Moreover, the total capital investment cost, the
annualized post-production cost, the annual income, and the economic evaluation indexes of
the four case studies are shown in Table 7.5. It can be seen that the total investment cost in the
best LAES configuration from an energy point of view (Case 1) is the highest, followed by
Case 2 and Case 3, while Case 4 has the lowest. The reason is that an extra cost factor of 1.9
that is applied to the cost model of compressors with the highest pressure ratios leads to the
highest price of the compression units in Case 1 among the four case studies. However, due to
the high RTE of Case 1, the mass flow of air feed is lower compared to Cases 2 - 4 to achieve
the power output of 10 MW in the LAES system, which results in a smaller size and cost of
equipment other than compressors. The total investment cost for Case 2 is larger than Cases 3
and 4 with conventional compressors, since the pressure ratios of compressors in Case 2 are
slightly larger than conventional units and the extra cost factor applied to this case is 1.3. By
comparing Cases 3 and 4, it is observed that the total investment cost of Case 3 is larger than
Case 4, which means that the total investment cost of the LAES system is reduced when an
additional ORC is adopted to utilize the unused compression heat. This is due to the fact that
the RTE of Case 4 is higher than Case 3, and the mass flow rate of air feed in Case 4 is slightly
smaller than that of Case 3, as shown in Table 7.1. Thus, the cost of equipment other than
compressors in Case 4 is smaller than Case 3. Since the reduction in the cost of LAES
equipment can justify an increase in the cost associated with the ORC, the total investment cost

in Case 4 is lower compared to Case 3.



140 Economic Analysis of some Liquid Air Energy Storage Configurations with

Combined Hot Water and Power Supply

Table 7.5 Total investment cost, annualized post-production cost, annual income and economic

evaluation indexes of some LAES configurations

Parameters Unit Casel Case2 Case3 Case4
Cra MS$ 27.77 2537 2523 24.70
Caoc MS$/year  9.99 10.00 10.36 10.06
Co MS$/year  0.56 0.51 0.51 0.50
Cai MS/year 14.74 14.57 14.53 13.93
NPV M$ 31.97 31.81 27.45 24.35
Payback period years 7.05 6.63 7.33 7.85
LCOS $kWh  0.496 0.489 0.503 0.490
30
27.77

25.37 25.23

95 24.70
= Working capital

20 A m Contingency and contractor fee
® Land acquisition
u Storage tanks

15 A

I

m Heat exchangers
Liquid pump
10 4 = Cryo-turbine

Total investment costs (M$)

= Expansion part

m Compression part

Case 1 Case 2 Case 3 Case 4

Figure 7.3 Total investment costs of some LAES configurations.
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The annualized post-production cost, which is related to the total annual operating cost
(maintenance cost, labor cost and utility cost) and the depreciation of capital cost of some
LAES configurations are presented in Figure 7.4. It is worth noting that the utility cost is related
to compression work in the charging mode, while the annual income is the result of electricity
export and hot water supply in the discharging mode. A dominant part of the annualized post-
production cost is utility cost, which accounts for more than 65% of the annualized post-
production cost. The amount of consumed electricity during the charging phase in Case 3 is the
highest among the four case studies. Thus, the corresponding utility cost and the annualized
post-production cost in Case 3 is the largest (see Figure 7.4), followed by Case 4 in terms of
utility cost and annualized post-production cost. The utility cost, shown as the values next to
the grey bars in Figure 7.4, is the smallest in Case 1 due to the high RTE of system. However,
the maintenance cost and the depreciation of capital cost in Case 1 are slightly larger than for
the other cases. As a result, the annualized post-production cost of Case 1 is slightly lower than
Case 4. The lower maintenance cost and the depreciation of capital makes the annualized post-
production cost of Case 2 smaller than Case 1, and Case 2 has the smallest annualized post-

production cost.

15

—
[\S}

10.55 10.51 10.87 10.56

=]

Depreciation of
capital costs
m Utility cost

7.20 7.35 7.72 44

™

= Labor cost

= Maintenance cost

Annualized post-production costs
(M$/year)

=
i

N

Case 1 Case 2 Case 3 Case 4

Figure 7.4 Annualized post-production costs of some LAES configurations.
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The annual income of different LAES configurations is related to the amount of electricity
export and hot water supply in the discharging mode. As shown in Table 7.5, Case 4 has the
lowest annual income compared to Cases 1 - 3. This is due to the fact that the revenue for Case
4 is only from electricity production, while hot water is another profitable product in Cases 1 -
3. In this chapter, LCOS, NPV and payback period are used to evaluate the four selected
configurations for the LAES. According to the definition of the LCOS, the income of the LAES
plant is not included. It turns out that Case 2 has a lower LCOS of 0.489 $/kWh compared to
Cases 1, 3 and 4. However, for the NPV and payback period, the income of the LAES is
included, and this obviously has an impact on the evaluation of the four cases studied. The
NPV of the four cases for a 30 years lifespan is positive, which means that all of them are
profitable. The NPV for different LAES configurations as a function of the number of years in
operation is illustrated in Figure 7.5. It is observed that the NPV for Case 4 is larger than the
other cases in the beginning of the project, as the total capital investment cost for Case 4 is the
smallest among different layouts of the LAES system. However, from year 1 to year 24, Case
2 has a larger NPV than other LAES configurations, which means that Case 2 is the most
economical layout of the LAES during this period. The NPV for Case 1 is the smallest in the
beginning due to its large total capital cost. However, the NPV for Case 1 is larger than the
other cases after year 25 due to the large profit obtained by selling electricity and hot water in.
In year 30, the highest NPV of 32.0 MS$ is achieved for Case 1, followed by Case 2 (31.8 M$)
and Case 3 (27.5 M$), while Case 4 has the smallest NPV of 24.4 M$. Moreover, the payback
period, which is a parameter to indicate the time required for completely recovering total
investment cost, is also provided for the four cases studied in Table 7.5. It is shown that a
shorter return on the investment cost is obtained in Case 2 (6.63 years) compared to Cases 1, 3

and 4.
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Figure 7.5 NPV for different LAES configurations.

According to the results from the above analysis, Case 2 has a slightly lower LCOS compared
to the other cases without considering the revenue of the LAES plant. However, when the
revenue of the LAES is considered, Case 2 is more profitable than the other options from year
1 to year 24. Case 1 has better economic performance than other case studies from year 25, so
it is more profitable in long-term operation. In addition, by comparing Cases 3 and 4, it can be
found that the energy efficiency is increased (the RTE is improved from 62.16 to 64.41%), but
the NPV is reduced with an additional ORC in the LAES system that has a 4-stage compressor
and a 4-stage expander. This is because electricity is the only revenue source for Case 4 with
an additional ORC to utilize the surplus compression heat. Although the increased RTE leads
to lower total capital investment and annualized post-production cost, the annual income is

smaller for Case 4 compared to Case 3. The extra profit gained by selling hot water can justify
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the increase in the total expenses regardless of a slightly lower RTE in Case 3 compared to

Case 4.
7.3.2 Sensitivity analysis

There are several important parameters for the cost evaluation of the LAES system, such as on-
peak electricity price and the extra cost factor discussed in Section 7.2.1. In this section, a
sensitivity analysis is carried out to measure the effect of the mentioned parameters on the

system performance.
7.3.2.1 Effects of the on-peak electricity price on some LAES configurations

As mentioned in Section 7.2.2, the electricity consumed in the LAES is purchased during off-
peak periods and the electricity produced in the system will be sold during on-peak periods.
Thus, the on-peak electricity price is critical for evaluating the profitability of the LAES
system. In the economic analyses above, the electricity prices for on-peak and off-peak periods
are 0.58 and 0.20 $/kWh. The on-peak electricity price will be varied between -30% and +30%
of the nominal value. When the off-peak electricity price is fixed at 0.20 $/kWh, the variations
of the NPV with changing on-peak electricity price are shown in Figure 7.6. NPVs and payback
periods under different on-peak electricity prices are listed in Table 7.6 and Table 7.7. It is
worth noting that the NPV will be negative, and the payback period will be longer than the
lifespan of the LAES plant when the on-peak electricity price is below the break-even point,
which of course is a range not worth studying. Thus, the first point for Cases 1 - 4 in Figure
7.6 is their break-even points, where the profit is equal to total expenses. The break-even on-
peak electricity prices for the four case studies are listed in Table 7.8. It is observed that the
break-even on-peak electricity prices for Cases 1 and 2 are 0.462 $/kWh, which are smaller
than the electricity prices for Cases 3 and 4. Obviously, a higher on-peak electricity price will
lead to a higher NPV and a quicker return on investment for the four cases. From Figure 7.6,
when the electricity is sold at 0.754 $/kWh, the most profitable layout of the LAES is Case 1
with the largest revenue of 79.0 M$, very closely followed by Case 2 with a revenue of 78.8
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Figure 7.6 Comparison of NPV under different on-peak electricity prices.

Table 7.6 NPVs under different on-peak electricity prices.

On-peak electricity NPV (MS$)
price ($/kWh) Case 1 Case2 Case3 Case4
0.493 8.46 8.31 3.94 0.83
0.58 31.97 31.81 2745 2435
0.667 5547 5532 5096 47.87

0.754 78.97 78.83 7447 71.39
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7.3.2.2 Effects of the extra cost factor on some LAES configurations

As discussed in Section 7.3.1, a major part of the total investment cost is allocated to the
compression part. It is obvious that the extra cost factor applied to compressors in Cases 1 and
2 significantly affects the economic performance of the LAES system. The base values for the
extra cost factors in Cases 1 and 2 are 1.9 and 1.3, respectively. The variation of the extra cost
factors is in the range between -20% and +20% of the nominal value, and the sensitivity of the
cost factors on the NPV for the LAES is shown in Table 7.9. Since the extra cost factors only
apply to Cases 1 and 2, Cases 3 and 4 are not part of this sensitivity analysis. It is observed that
Case 1 has the most economic layout of the LAS systems when the extra cost factor is below
the nominal value. The largest revenue of 35.7 M$ is achieved in Case 1 with the minimum
extra cost factor of 1.52, which is much larger than Cases 3 and 4. When the extra cost factors
are decreased from their nominal values, the second largest NPV is obtained in Case 2 (34.4
MS$), followed by Case 3 (27.5 M$), while Case 4 (24.4 MS$) is the smallest. A different
situation can be found when the extra cost factors are larger than their nominal values, where
Case 2 replaces Case 1 as the most profitable layout for the LAES system. In addition, Table

7.10 lists the payback period for some LAES configurations under different extra cost factors.

Table 7.7 Payback periods under different on-peak electricity prices.

On-peak electricity Payback period (year)
price ($/kWh) Casel Case2 Case3 Case4
0.493 15.23 14.74 19.62  26.63
0.580 7.05 6.63 7.33 7.85
0.667 4.64 4.33 4.60 4.76

0.754 3.47 3.22 3.36 3.42
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Table 7.8 Break-even on-peak electricity prices for the selected cases studied.

Break-even index Unit Casel Case2 Case3 Case4d

On-peak electricity price $/kWh 0462 0462 0478  0.490

Table 7.9 NPVs for some LAES configurations under different extra cost factors.

Variation range NPV
of cost factors  Case1 Case2 Case3 Case4
-20% 35.67 34.4 2745 2435
-10% 33.82 3311 2745 2435
0 31.97 31.81 27.45 24.35
10% 30.12 3052 2745 2435
20% 2827 2923 2745 2435

Table 7.10 Payback periods for some LAES configurations under different extra cost factors.

Variation range
Casel Case2 Case3 Case4d
of cost factors

-20% 6.06 593 7.33 7.85
-10% 6.54 6.27 7.33 7.85

0 7.05 6.63 7.33 7.85
10% 7.58 7.00 7.33 7.85

20% 8.15 7.39 7.33 7.85
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7.3.3 LAES versus other energy storage technologies

In this section, the LCOS for Cases 1 - 4 is compared with mature energy storage technologies,
such as PHES, CAES, Li-ion and Pb batteries. The LCOS of the four mature energy storage
technologies are calculated and provided by Jiilch [153]. In order to objectively compare Cases
1 - 4 with other energy storage technologies, the storage capacity and the cost of electricity in
the charge mode are equal to 100 MW and 0.033 $/kWh, which are the same as in the work of
Jiilch [153]. The main cost components contributing to the LCOS for each system is shown in
Figure 7.7. It is observed that Case 2 has a lower LCOS compared to the other three LAES
configurations. Moreover, the LCOS for the LAES is considerably less than for Li-ion batteries
and slightly less than for Pb batteries, but LAES cannot compete with PHES and CAES.
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Figure 7.7 Cost comparison between the LAES and other energy storage technologies.
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7.4 Conclusions

An economic analysis of four different layouts for a standalone liquid air energy storage
(LAES) is performed and the four configurations are compared. The net present value (NPV),
payback period and levelized cost of storage (LCOS) are selected as economic evaluation
indexes to present the economic benefit of different LAES processes. Results indicate that the
LAES system with a 3-stage compressor and a 4-stage expander (Case 2) has the lowest LCOS
among the four case studies without considering the income of the LAES plant from power
export and hot water supply. However, when the income of the LAES is considered, the LAES
system with a 2-stage compressor and a 3-stage expander (Case 1) has a better economic
performance than the other cases. The NPV of 32.0 M$ is achieved for Case 1, which is 0.5%,
16.5% and 31.3% larger than Cases 2, 3 (LAES with a 4-stage compressor and a 4-stage
expander) and 4 (system with a 4-stage compressor and a 4-stage expander and an Organic
Rankine Cycle), respectively. In addition, by comparing Cases 3 and 4, with an additional ORC
in Case 4, the NPV is reduced and the return on investment is increased compared to Case 3

where hot water production gives extra profit.

Results of the sensitivity analysis show that the largest NPV of 79.0 MS$ is obtained in Case 1
when the electricity is sold at 0.754 $/kWh, which is 1.5 times more profitable than selling
electricity at 0.580 $/kWh. In addition, when the extra cost factor is decreased from the nominal
values (1.9 for Case 1 and 1.3 for Case 2) to lower values, the largest revenue of 35.7 MS$ is

achieved in Case 1 with the minimum extra cost factor of 1.52.

The economic analysis of the LAES system shows that the four studied cases with a storage
capacity of 10 MW / 80 MWh are economically feasible. The economic comparison between
the LAES and other energy storage technologies indicates that the LAES is a promising
technology, which has a better economic performance than Li-ion and Pb batteries, but LAES
has a larger LCOS than PHES and CAES. Thus, further research on the LAES is required to

improve its cost competitiveness.






Chapter 8 Conclusions and future work

8.1 Conclusions

The main purpose of the research reported in this thesis is to improve the performance of a
standalone Liquid Air Energy Storage (LAES) system by developing novel cold energy
recovery cycles, analyzing different configurations for the compression and expansion
sections, and being integrated with additional thermodynamic cycles. This thesis mainly
focuses on developing process models of the modified LAES for systematic optimization in
order to objectively assess measures for performance improvement. The economic models of
the proposed system are also provided to comprehensively evaluate the feasibility of this

technology.

Different cold energy recovery cycles are optimized and compared by using a stochastic search
optimization method (Particle Swarm Optimization, PSO) to analyze the effect of structural
differences. A single multi-component fluid cycle (MCFC) to be used as the cold energy
recovery cycle is not recommended since the temperature difference between the hot and cold
composite curves of the low-temperature heat exchangers is relatively large, resulting in poor
performance for the entire system. Two cold energy recovery cycles, however, are able to
considerably improve the performance of the LAES system. Among several studied
combinations, dual MCFC is the preferred configuration to transfer the cold regasification
energy from liquid air to air liquefaction in the LAES. Organic Rankine Cycles (ORCs) were
also tested for transferring cold thermal energy between the charging and discharging

processes. This was, however, proven not to be an interesting option, since the power output
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of the ORC was achieved at the expense of an increase in the temperature difference of low-

temperature heat exchangers, reducing the system performance.

For the LAES, it is found that the expansion section is strongly influenced by the compression
section since there is a hot thermal energy transfer and storage between these two sections in
the standalone system. Various LAES configurations related to different number of
compression and expansion stages are optimized and compared. A better performance of the
LAES is obtained when the hot and cold streams have composite curves that are close to
parallel in the preheaters. Moreover, the thermodynamic optimum is found when there are few
compression stages with large pressure ratios. Of course, large pressure ratios affect the
technical feasibility and investment cost. In cases where compression heat from the charging
part cannot be fully utilized in the preheaters, an ORC can be used to turn this surplus heat into
power. Exergy analysis of the LAES indicates that the performance of the expansion part is
mainly related to the heat transfer efficiency in preheaters and the performance of the ORC,

both significantly affecting the RTE.

The mentioned part of compression heat that for some LAES configurations (i.e. the number
of compression stages is equal to or larger than the number of expansion stages) is not
efficiently utilized in the preheaters, has been subject to a more detailed investigation. The
unused compression heat can be used in additional thermodynamic cycles for power generation
or to produce hot or cold streams. An ORC and an Absorption Refrigeration Cycle (ARC) are
suggested to utilize high-grade surplus compression heat, while a High Temperature Heat
Pump (HTHP) is considered in LAES configurations with medium grade compression heat,
since working fluids available for high temperature heat pump systems are limited.
Optimization results show that the ORC, the ARC and the HTHP are effective methods to
improve the performance of the LAES system by utilizing the available surplus compression

heat.

Although the LAES system is commonly optimized to maximize RTE, it is also important to
evaluate the economic feasibility of this technology. An economic analysis of four different

layouts for a standalone LAES is performed. The LAES with fewer compression stages and
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higher pressure ratios are found to be more profitable compared to the system with compressor
pressure ratios within the normal range. The economic comparison between the LAES and
other energy storage technologies indicates that the LAES has a lower levelized cost of storage
(LCOS) than batteries, but LAES has a larger LCOS than pumped hydroelectric energy storage
(PHES) and compressed air energy storage (CAES), which validates the economic viability of
this technology.

8.2 Future work

Although the structural optimization of the LAES provides interesting and promising results in
this thesis, there are still potential areas that require further investigation. The main future

research topics are summarized as follows:

The thermodynamic analysis of the LAES is carried out based on steady-state models of the
process. However, as an energy storage technology, the LAES must be flexible enough to
handle the intermittent renewable energy sources and the fluctuating electricity demand. Thus,
dynamic models of the LAES should be developed to correctly predict the transient phenomena

in actual operation.

It makes sense to include energy losses in the analysis of the LAES, especially in hot and cold
thermal energy storage cycles. In addition, materials for the low-temperature energy storage

and equipment with excellent thermal insulation have not been tested and analyzed.

To analyze the LAES with additional thermodynamic cycles, more case studies are needed. In
particular, all possible combinations between the LAES and the ARC / HTHP have not been
discussed. For the ARC and HTHP in the LAES, the unused compression heat is first converted
to cold energy (in ARC) or enhanced heat (in HTHP). Either the cold energy or the enhanced
heat needs to be utilized somewhere in the LAES to increase the performance of the system. In
this thesis, we use the cold energy from the ARC in the cold box, while this can also be used

to precool the compressed air in the compression part, which can be considered in future work.



154 Conclusions and future work

The enhanced heat from the HTHP is used to preheat air before expansion, but there are also
other methods to utilize this enhanced heat. One example is to use the enhanced heat in an ORC

rather than the expansion stages.

An economic analysis has been performed to evaluate the economic feasibility of the modified
LAES system. The cost data available in literature should only be seen as an estimation of the
CAPEX and OPEX, and a more accurate method should be considered. Besides, cost
uncertainties related to unconventional units (such as compressors with high pressure ratios)
and materials may have significant effects on the economics of the proposed system. It would
be interesting to optimize the cost of the LAES, which may result in different optimal operating
conditions for the system. In this thesis, the revenue of the LAES is achieved by selling
electricity and hot water. Another possible revenue of the LAES can be obtained by
participating in ancillary service markets with incentive policies, which can be considered in

future work.

In the standalone LAES system, the cold energy from liquid air is insufficient to liquefy air, so
electricity is required to compress air in the charging part. Thus, the integration of the LAES
with external cold energy sources (such as LNG regasification processes and air separation
units) could significantly increase the round-trip efficiency of the system. Although a part of
compression heat is not efficiently used in the discharging part in some layouts for the LAES,
external heat sources at high temperatures can also be considered to increase the inlet
temperature of air to expanders, improving the performance of the LAES. Geothermal energy
and the waste heat from nuclear power plants are possible options for heat sources that can be

applied to the LAES.
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