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Abstract

Energy Storage (ES) technologies have a crucial role in electric power networks as they offer
remarkable abilities, which enable them to be widely employed to meet the electricity demand-
supply mismatch, as well as the intermittent renewable energy sources. Among all technologies,
Liquid Air Energy Storage (LAES) aims to large scale operations and has caught the attention of
many researchers from the past decade, but the situation is getting more challenging due to its
disappointed performance in the current configuration. Therefore, there are urgent needs for the

performance improvement to keep the superiority of the LAES in the electricity market.

This thesis concerns the current LAES and the improved LAES technologies, both of which use
cryogen (specifically liquid air/nitrogen) as energy carrier for large scale utilizations in power
networks. The aim of this study is to increase the system performance of the LAES technology,
particularly through developing novel thermodynamic cycles for an increased use of the thermal
energy and system optimisation strategies. Experiential results from the LAES pilot plant bring
specific issues, which is used to understand possible ways to improve the performance of the LAES.
In a standalone LAES configuration, there is ~20-45% of the hot energy generated during the LAES
operating which cannot be efficiently used, while the lack of the high-grade cold energy usually
occurs, leading to a lower liquid air yield. These thermal energy issues provide an opportunity for
increasing the round trip efficiency of the LAES, and hence numerous integrated LAES systems

are investigated.

To effectively use the hot sources and hence improve the system performance, three integrated
LAES systems are proposed, namely LAES-ORC-VCRC system, LAES-ORC-ARC system and
LAES-ORC system. The LAES-ORC-VCRC system consists of a traditional LAES, an Organic
Rankine Cycle (ORC) and a Vapor Compression Refrigeration Cycle (VCRC). The LAES-ORC-

ARC system drives the Absorption Refrigeration Cycle (ARC) with NH3-H,O as the working



medium. Both the VCRC and ARC are used to generate low-temperature cold sources for the ORC
cooling. The LAES-ORC system has the simplest configuration but gives the best performance
among these three configurations. It is found that all these integrated LAES systems provide

obvious improvements to different extents.

External cold sources, such as LNG, can be used to enhance the LAES efficiency, and hence two
integrated LAES systems, the LAES-LNG and the LAES-LNG-CS systems are investigated. Both
of them extract cryogenic energy from the LNG evaporation for the enhancement of both the air
liquification rate and the round trip efficiency. The LAES-LNG system obtains the cold energy
directly from the LNG while a cold store (CS) unit is used in the LAES-LNG-CS system to address
the instability of the LNG regasification. Thermodynamic analyses show that the LAES-LNG
system provides around 15-35% more round trip efficiency than the current stand-alone LAES
system, and liquid air yield obtains a significant improvement up to 0.87. Compared with the
LAES-LNG system, the LAES-LNG-CS system can produce more electric energy with less amount

of LNG.
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Chapter 1 Introduction

1.1 Background

Increased worldwide electricity demand and environmental issues have motivated the development
of alternative technologies for using renewable resources (hydropower, wind, solar, biomass, tide)
to replace the fossil fuels (coal, oil, natural gas) [1,2]. Between 2017 and 2022, the renewable
electricity capacity has been forecasted to expand by over 920 GW, with an increase of 43%, therein,
China, US and India will account for two thirds of global renewable expansion by 2022 [3]. In
China, renewable generation sectors are under construction which will share 36% of all global
hydro electricity generation, 40% of world wind generation and 60% of solar PV generation over
2015-2021 [3,4]. The REmap analysis indicates that the share of renewable energy mix in the US
will expand to 27% by 2030 through the wind, PV, CSP, biomass and hydro technologies [5]. India
has taken a leading role in the renewable energy transformation both regionally and globally, and
the REmap analysis indicates that the wind power capacity would reach 185 GW, and the solar PV
capacity would increase to approximately 200 GW in India, leading to the potential share of the
renewable energy to 60% by 2030 [3,6]. In the European Union, renewable energy, accounting for
80% of new capacity, and wind power is predicted to become a leading source of electricity after
2030 [7]. In the context of the targets proposed by the UK Government, the renewable resources
would meet 30% of the primary UK electricity demand by 2020. According to the increased levels
of electricity production and demand driven by electrification of heat and transport, it is expected
that the electricity sector should be almost entirely decarbonised by 2030 [8]. Figure 1.1 illustrates
the global average annual net capacity additions by different resources [7]. One can see that
significant efforts have been and continue to be made in increasing the renewable resources

penetration.
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Figure 1.1 Global average annual net power capacity additions by types from 2010 to 2040.

However, the increased utilization of renewable energy faces significant challenges. First, the
renewable generation is less predictable due to its nature of intermittence. Solar PV panels or solar
collectors require suitable solar radiation which is only possible on daytime and sunny days. Wind
turbines need wind to rotate the blades; hydro generation relies on water to fill up and maintain the
reservoir. Second, there is significant mismatch between the time-dependent demand of the end-
users and the intermittent supply of the renewable energy. Third, the fluctuating renewable energy
supply can impact on the state of frequency equilibrium of electricity networks without an extra
reserve capacity, particularly when the renewable penetrations exceeds ~10-20% of the total load

[9-12].

The mismatch challenge described above becomes more grave due to significant demand changes
over different time scales. Figure 1.2 shows the UK electricity demand as a function of time over

a 24-hour period, metered half-hourly by the National Grid in 2017 [13]. One can see that there are



significant differences between summer and winter, weekdays and weekends, particularly peak
time and off-peak time in a day. The above challenges can be partially addressed by energy storage
technologies, for example, the transient fluctuation can be smoothed out by rapid response
supercapacitors, batteries or flywheel technologies to maintain the power quality and reliability of
an electricity grid [14], whereas the load shifting, over hourly level period or a larger, can be met
by the Pumped Hydro Storage (PHS), Compressed Air Energy Storage (CASE) and Liquid Air

Energy Storage (LAES).
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Figure 1.2 Electricity demand profile of UK in 2017 [13].

In the electricity market, prices at peak time often leads to a higher cost to the end-users as a higher
demand would strain both the available power generation infrastructure and power transmission
infrastructure [15]. In the US, the electricity price at peak time is approximately 3 times more

expensive than that at off-peak time; see Table 1.1 [16]. The huge price differences make energy



storage technologies attractive to resolve the mismatch challenge by shifting the peak-load [17],
thereby reducing the cost of electricity. Meanwhile, the base load generators can be operated under

a steady working condition for most of the time, which can help extend the life-span of the

installations.
Table 1.1 Electricity price for US residential customers in 2017 [16].
Price ($/kWh)
Time periods
Winter (Oct.1-May 31) Summer (June 1-Sept.30)
9p.m.to 10 a.m.

Off-peak 0.07516 0.07516

& weekends
Peak 1 10a.m.to 1 p.m. 0.23665 0.26429
Peak 2 1 p.m.to 6 p.m. 0.23665 0.28672
Peak 3 6 p.m. to 9 p.m. 0.23665 0.26429

As briefly mentioned above, energy storage technologies provide an avenue to meet the energy
supply and demand through the chain of generation, transmission, distribution and end use. Such
technologies store the energy in a form that can be either directly used later on or converted into a
form that is needed [14,18]. Note that the definition of energy storage is specifically for electrical
energy storage, i.e. electrical energy in, electrical energy out. The use of energy storage gives more
flexibility on top of other function such as peak shaving, intermittency smoothing and backup
generation for electrical networks. There are many energy storage technologies and they can be

broadly grouped into the following categories: [14]

o Chemical energy storage, e.g. batteries, hydrogen;

e Mechanical energy storage, e.g. compressed air, pumped hydro, flywheels;

e Thermal energy storage, e.g. sensible heat storage, latent heat storage.



This work concerns Liquid Air Energy Storage (LAES) which is a Thermal Energy Storage (TES)
technology and is often termed the Cryogenic Energy Storage (CES) in some literature articles.
LAES uses intermittent renewable sources or off-peak electricity to produce liquid air in an air
liquefaction (charging) process; the stored liquid air is pumped to a high pressure, heated by a heat
source to expand in air turbines to generate electricity in a power recovery (discharging) process.
It is mainly for large scale operation, and has attracted significant attention in recent years due to
high energy density, a highly competitive capital cost, low maintenance and operational costs, a
long life span, no geographical constraints and environmental friendliness [14,19]. The estimated
round trip efficiency of the LAES is ~60% using the current configuration. There is therefore a
great drive to enhance the round trip efficiency. This forces the main motivation for this Ph.D.

study.

1.2 Aims and Objectives

The aim of this study is to increase the round trip efficiency of the LAES technology, particularly
through developing novel thermodynamic cycles for an increased use of the thermal energy and

system optimisation strategies.

The specific objectives of this study include:

(1) To develop a model for a standalone LAES system and obtain an optimal operation

conditions for practical implementation of the LAES technologies.

(2) To perform experiments on the LAES pilot plant and compare the results with the model

simulation results.

(3) To study the conversion processes of thermal energy (heat & cold) during the operation of

the LAES, and to understand possible ways to improve the performance of the LAES.



(4) To study the LAES efficiency enhancement through integration with processes/cycles,
including Organic Rankine Cycle (ORC), Vapor Compression Refrigeration Cycle
(VCRC), Absorption Refrigeration Cycle (ARC) and Liquefied Natural Gas (LNG)

evaporation process.

1.3  Layout of the Thesis

This thesis consists of 6 Chapters. Chapter 2 gives a summary of the literature closely related to the
LAES technologies where the key factors affecting the round trip efficiency, exergy efficiency and

other performance indicators of the LAES are also discussed.

Chapter 3 introduces the thermodynamic model and optimisation of complex power/thermal
systems, including a generalized method using the Superstructure and Pinch Technology for

process and system optimisation.

Chapter 4 presents the experimental results of the world first 350 kW /2.5 MWh LAES pilot plant,

as well as the modelling results of a standalone LAES system.

Chapter 5 analyses the enhancement of round trip efficiency enhancement of the LAES through
integration with Organic Rankine Cycle (ORC) and Vapor Compression Refrigeration Cycle

(VCRC), including an economic analysis on those integration systems.

Chapter 6 considers two different configurations of the integrated LAES with Organic Rankine

Cycle (ORC) including optimisation and comparison.

Chapter 7 studies the integration of a large scale LAES plant with LNG terminals, considering two

configurations of with and without cold store.

Chapter 8 summaries the main conclusions from this study and gives recommendations for future

work.



Chapter 2 Literature Review

This Chapter will briefly explain the principle of the LAES technologies (Section 2.1). The focus
is on a summary of the relevant literature closely related to the LAES technologies. This includes
gas liquefaction (Section 2.2) and power recovery (Section 2.3); specific configurations and their
advantage and disadvantages of those processes and methods to improve the performance of the

LAES (Section 2.4). finally, a summary of the literature review is given (Section 2.5).
2.1 Principle of Liquid Air Energy Storage (LAES)

The basic principle of the LAES is shown in Figure 2.1, which consists of a charging cycle and a
discharging cycle. The charging cycle, also referred to as a gas liquefication process, runs at off-
peak times: the purified air is compressed to a high pressure through multistage compression with
compression heat recovered and stored in a heat storage medium, such as thermal oil, hot water or
glycol; the compressed air is then cooled in a cold box by recycling air and cold storage medium,
such as liquid-phase materials (propane and methanol) and solid-phase materials (rocks and
pebbles ), containing cold energy recovered from liquid air in the discharging cycle; finally, liquid
air is obtained through air expansion in e.g. a cryo-turbine and stored in a liquid air tank at
approximately 77 K. The discharging cycle, also known as the power recovery process, works at
peak times: the liquid air flowing from the tank is pumped to a high pressure, and then releases
cold energy to the cold storage medium in evaporators, which are later used to cool the compressed
air in the charging cycle; the air is then heated up by the heat storage medium containing heat
recovered in the charging cycle before entering air turbines to generate electricity [20,21]. The
details of the gas liquification process and power recovery process will be reviewed in Sections 2.2

and Section 2.3, respectively.
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Figure 2.1 Schematic diagram of the basic principle of the LAES.

The use of liquid air as an energy storage medium can be dated back to 20" century, whereas the
peak-shaving of a power grid using liquefied air was first proposed by the University of Newcastle
upon Tyne in 1977 [22]. The initial idea was to develop the electrical energy storage with a much
smaller storage volume than the conventional compressed air energy storage (CAES) system.
Subsequent studies, both numerically and experimentally were done by several industrial
companies, including Mitsubishi Heavy Industries [23,24] in later 1990s, Hitachi [25-27] in early
2000s, Expansion Energy LLC [28] around 2011. Mitsubishi Heavy Industries proposed a test scale
pilot plant to verify the performance of the LAES generator, leading to a relatively low round trip
efficiency [23]. The work by Hitachi was focused on integrating LAES system with a regenerator
to improve the gas liquification and power generation efficiency. The results from Hitachi indicated
that a round trip efficiency of ~70% would be possible for the LAES system as long as the
regenerator was efficient [25-27]. Substantial progress in the LAES technology development was
done due to a collaborative research between the University of Leeds and Highview Power Storage
Ltd from 2005. This collaborative research contributed to the design and construction of the world’s
first LAES pilot plant (350 kW/2.5 MWh) between 2009 and 2012 [20]. This pilot facility was

donated to the University of Birmingham for further research in 2013.



2.2 Gas Liquefaction Process (Charging Cycle)

Gas liguefaction is one key process of the LAES system. A suitable liquefaction process can
significantly improve the production, and consume less electric energy at the same time. Gas
liquefaction is a process by which the gas is refrigerated to the temperature under its critical point
to form a liquid phase at a suitable pressure. As the volume is usually decreased radically from gas
phase to liquid phase, which is convenient for gas storage and transportation, liquefaction process
is widely used in industrial, medical, biological fields, superconductivity research and in aerospace
engineering [29,30]. Some gases, such as carbon dioxide, can be liquefied at atmospheric pressure
through simply cooling and pressuring. At a temperature above the critical point, a substance exists
in the gas phase only, such as helium, hydrogen and nitrogen whose critical temperature are -268°C,
-240°C and -147°C, respectively [31]. Ordinary refrigeration technologies cannot create such a low
temperature environment. Several cycles are therefore needed, such as Linder-Hampson cycle,

Cascade refrigerant cycle, mixed refrigerant cycle and expander cycle.

2.2.1  Linder-Hampson cycle

The Linder-Hampson cycle was first proposed by William Hampson and Carl von Linde and was
independently patented in 1895 and also be termed the Joule-Thomson (JT) liquefier [32]. The
schematic and the T-S diagram of the Linder-Hampson cycle is shown in Figure 2.2. The purified
gas, which is mixed with the uncondensed portion of the gas from the previous cycle, is first
compressed by an isothermal compressor (State 1-2); the pressurised gas flows into a counter-flow
heat exchanger and is cooled by the uncondensed portion of the gas (State 2-3) and is then
depressurised by a Joule-Thomson valve typically (State 3-4). The vapour-liquid mixture is
produced after the depressurisation process, therein, the vapour portion of the product is returned
to the heat exchanger to cool the high-pressure gas (State 5-1) and then mixed with the purified gas,
while the liquid portion is left in the reservoir. Many efforts have been made to improve the

performance of the Linder-Hampson cycle. Maytal [33,34] optimized a Linde-Hampson cycle in



10

terms of the cool-down periods and the maximum liquid rate. He used nitrogen and argon in the
experiment and observed that the cool-down period as a function of the setting pressure in the cycle
and the resulting flow rate would short the cooldown period; moreover, the optimal mass flow was
also determined with the same heat exchanger to maximum the liquid production. Holland et al.
[35] presented a small-scale demonstrator and optimized the heat exchanger leading to a minimum

temperature of 82 K.

Purified gas
1
Compressor
A
2 T
2 1
Heat
exchanger
3
3
6
Decompressor
4
>
S
Reservoir -
6
@ (b)

Figure 2.2 Principle of Linder-Hampson cycle: (a) schematic diagram; (b) T-S diagram.

The advantage of Linde-Hampson cycle is that the configuration is sample and there are no moving
parts at the cold end of the heat exchanger. However, many references have claimed that the actual
exergy efficiencies of the Linde-Hampson liquefaction cycles are usually under 10% [31,34,36].

The main reasons for the poor thermodynamic performance of the Linde-Hampson cycle include:
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o irreversible exergy losses of the throttling expansion process;

e mismatch of the temperature profile between the pressured gas and the returning gas.

The cooling load provided by the vapour portion of the mixture can merely refrigerate a very small
fraction of the main mass flow in the heat exchanger. The large temperature difference in the heat
transfer process keeps the system away from the thermodynamic reversibility, leading to the low

thermodynamic efficiency.

In order to improve the performance of the liquefaction processes, the subsequent liquefication
technologies use multiple or mixed refrigerants to cool the pressured gas stage by stage to obtain a
better temperature profile match. These include cascade refrigeration cycles and mixed
refrigeration cycles, or the use of multiple compression and expansion processes with a single

refrigerant instead of the throttling process to generate cold energy.

2.2.2  Cascade refrigeration cycle

The cascade refrigeration cycle offers an additional degree of freedom for temperature profile
optimization by choosing a suitable combination of refrigerants [37]. Such a cycle gives a better
performance compared to the Linde-Hampson cycle, but its configuration is also more complex:
multiple sub-cycles of the cascade cooling are used to create different low-temperature levels with
suitable refrigerants, providing a better matched temperature profile. There are many potential
options of the refrigerants, such as propane, ethane, methane and nitrogen. Figure 2.3 shows a three-
sub-cycle cascade refrigeration cycle using propane, ethane and methane as refrigerants for LNG

liquefication [38]. The three sub-cycles are described as follow:

o Propane refrigeration sub-cycle: the propane is pressured by a compressor and is cooled by
cooling water in the condenser, then the condensed refrigerant then flows to the JT value

and is depressurised to its evaporation pressure; the propane evaporates at the evaporator-
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condenser 1, absorbing the heat from the condensing ethane, cooling methane and natural

gas, before returning to the propane compressor.

o Ethane refrigeration sub-cycle: the pressured ethane is condensed by the cold energy from
propane evaporation, before depressurisation and evaporation in the evaporator-condenser
2; producing cold energy condenses the methane and cools down the natural gas further;

finally, the evaporated ethane goes through the ethane compressor.

e Methane refrigeration sub-cycle: after compression, cooling and depressurisation by the
compressor, evaporator-condensers and JT valve, respectively, the methane expands and

releases cold energy to further cool the natural gas.

Evaporator Evaporator
condenser 1 condenser 2 Evaporator
Natural
— <7 » LNG
gas
- e P
—T><— >
>
Methane
compressor
X :® Ethane
Condenser Propane compressor
VAV compressor
Cooling _L \\saasaf—a
water
-
-

Figure 2.3 Schematic configuration of a three-sub-cycle cascade refrigeration cycle for natural

gas liquefication.

Therein, each refrigeration sub-cycle consists multistage compression and expansion processes,
normally three stages, leading to a wide temperature range of the cooling power for every single
refrigerant. Figure 2.4 (a) illustrates a three-stage refrigeration cycle for a single refrigerant. Under

such a configuration, each refrigerant is evaporated at three different pressures, giving three
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different evaporation temperatures, as shown in Figure 2.4 (b). This may lead to a higher

thermodynamic efficiency than that with only one evaporation temperature.
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Figure 2.4 Principle of a three-stage refrigeration cycle for a single refrigerant; (a) schematic

design; (b) evaporation temperature profile.

The refrigeration sub-cycles using different refrigerants can produce low-grade cold (233-203 K)
by the propane refrigeration sub-cycle, mid-grade cold (193-163 K) by the ethane refrigeration
cycle and high-grade cold (118-113 K) by the methane refrigeration cycle [39]. The wide cooling
temperature range gives a better match of the temperature profile between the feed gas and the
refrigerants. This is shown in Figure 2.5, which illustrates that the mean temperature difference
between the pressurised natural gas and the refrigerant is smaller than that of the Linde-Hampson
cycle, leading to a decrease in the exergy losses in the heat exchanger. As a result, the cascade

refrigeration cycle requires much less power than the Linde-Hampson cycle.



14

A
30 C Natural gas
|
|
|
|
|
B~ |
|
|
| |
| |
| |
| |
LNG | |
— | |
| | |
| | | |
— | Evaporator |  Evaporator |
N | Evaporator | condenser 2 | condenser 1 |
-160 C ! ] ] ] -

Heat load

Figure 2.5 Cooling curve of three-sub-cycle cascade refrigeration cycle for LNG liquefication.

The cascade refrigeration cycle gives a higher thermodynamic efficiency than the Linde-Hampson
cycle. It is reported the exergy efficiency of the multistage cascade refrigeration cycle for nitrogen
and natural gas liquefaction processes ranges from 35% to 55% [38,40-43]. Additionally, the

cascade refrigeration cycle has relatively low surface area requirements for heat exchange.

Cascade refrigeration cycle needs a complex configuration, and hence has several disadvantages as

follow:

o The properties of refrigerants (propane, ethane, methane or nitrogen) determine the
refrigeration temperature range, and hence it is not applicable for liquefying very low
boiling point gases such as hydrogen and helium [44]. Although Valenti et al. [45]
proposed an innovative liquefier using four cascading helium sub-cycles to liquify

hydrogen , the system may not give a reasonable exergy efficiency;
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o Cascade refrigeration cycle consists of numerous refrigeration sub-cycles and each of sub-
cycle has its own compressor and refrigerant storage, and hence a comparatively high costs
of both capital and maintenance [46]. Economic analyses have shown that the cascade

refrigeration cycle is more suitable for large-scale offshore LNG production.

New technologies have emerged over the last decade for cascade refrigeration cycle based on
integrated cascade refrigeration cycle with power generator using low-temperature waste heat. For
example, Lizarte et al. [47] proposed a standalone refrigeration system with organic Rankine cycle
for a power generation, achieving highest COP of 0.79 and exergy efficiency of 31.6% . Jiang et
al. [48] investigated an innovative cascade refrigeration cycle for power and refrigeration
cogeneration using R245fa as a refrigerant, and obtained an exergy efficiency of the system ranging

from 30.1% to 41.8%.

2.2.3  Mixed refrigeration cycle

Mixed refrigerant cycle (MRC) are also commonly considered for natural gas liquefaction [38].
Such cycles use a single mixed refrigerant (SMR) instead of the multiple pure refrigerants in a
cascade refrigerant cycle. The refrigerant in the MRC refrigeration cycle is usually a mixture of
non-polar molecules and hence the phase change occurs continuously over a range of temperature
between the dew point and bubbles point. Table 2.1 [49] gives some typical refrigerants used in
LNG liquefaction. It has been shown that the mixed refrigerant can smooth the cooling curve and

match it well by a non-constant temperature phase change process, as illustrated in Figure 2.6 [50].

Table 2.1 A list of some mixed refrigerants [49].

Pressure o Refrigerant flow
) Composition (wt %) Shaft work (kW)
setting (bar) rate (kmol/s)

CH4, 15.7; C2H5, 46.4;
1 4.0/46.0 4.0 34852.3
CsHsg, 3.5; C4H1o, 14.7;
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N2, 19.8

CHy, 18.7; C2oHs, 45.1,
2 4.0/45.0 CsHs, 0.0; C4Hio, 18.1; 3.8 32610.6

N2, 18.2

CH4, 20.1; CzHe, 42.4;
3 3.8/43.0 CsHs, 4.5; C4H1o, 17.1; 3.6 30912.6

N2, 15.9

CHy, 21.7; C2oHs, 39.8;

4 3.8/42.0 CsHg, 2.7; C4H1o, 21.5; 34 28763.9
N2, 14.3
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Figure 2.6 Composite curves for a mixed refrigerant cycle [50].

Due to the wide cooling temperature range (approximately from ambient down to -160 °C), the

refrigerant has to be compressed to an extremely high working pressure in the MRC. However,
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such a high pressure is not easy to reach due to the mechanical restrictions. It is also inefficient to
justify in terms of the system performance. Practically, self-cooling multi-stage MRC is often
implemented for natural liquefication or other cryogenic processes, as shown in Figure 2.7. The

three stages can be explained as follow:

e The evaporated refrigerant is compressed and partially condensed by cooling water or
cooling air in the condenser and then enters the separator 1 and heat exchanger 1, followed
by the depressurisation at the JT valve, part of refrigerant returns to the heat exchanger 1,
absorbing heat from the high-pressure mixed refrigerant and hot stream; the hot stream

undergoes the first cooling; the rest part of refrigerant enters the second stage;

e The high-pressure mixed refrigerant from stage 1 flows into the separator 2 and heat
exchanger 2 for further condensation continuously; similarly, part of the refrigerant is
depressurised enthalpically to supply cooling duty and the rest enters the third stage; the

hot stream undergoes the second cooling and its temperature reduces further;

o Before depressurisation and evaporation, the high-pressure mixed refrigerant from stage 2
is condensed for the last time in the heat exchanger 3; the hot stream undergoes the third
cooling by the evaporated refrigerant; the resulting refrigerant returns to the compressor

and start the new cycle.
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Figure 2.7 Schematic configuration of self-cooling three-stage MRC.

It should be noticed that both the hot and cold refrigerants in the recuperative heat exchangers are
two-phase mixtures so as the high-pressure refrigerant condenses continuously with changes in
both the quality and composition [38]. Followed by such a self-cooling method, the high-pressure
refrigerant is continuously cooled down and therefore can reach a lower temperature and/or a lower
vapor fraction after the multiple stages. The mixed refrigerant can smooth the cold curve and match
the hot curve well through its non-constant temperature phase change process. Ideally, constant
temperature difference between the hot stream and the mixed refrigerant is expected to occur in the
cryogenic heat exchangers to give as high exergy efficiency as possible. However, it requires
accurate working pressure control and suitable refrigerant composition for different liquefication
processes. This is impractical and costly in the majority of cases. The exergy efficiency of a MRC

is normally lower than that of a cascade refrigeration cycle under similar conditions [46].

Innovative technologies emerge over the past decade for MRC applying to the natural gas

liquefaction refer to combine or modify MRC with the cascade refrigeration cycle.

New developments have been made over past decade to use the MRC in natural gas liquefication.
These include propane precooled mixed refrigerant (C3MR) cycle [46,51-54], dual mixed
refrigeration (DMR) cycle [55-57] and AP-X cycle. C3MR is developed through adding the C3

(propane) refrigeration cycle to the MRC to pre-cool the feed gas. The feed gas is cooled down to
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approximate -30 °C by a C3 heat exchanger before liquefied at -160 °C in the MRC heater
exchanger [54]. In the DMR cycle, an alternative mixed refrigerant (rather than C3) is used to
provide cold energy for initial cooling of the feed gas and pre-cooling of the original mixed
refrigerant [55-57]. Nibbelke et al. [58] compared the C3MR cycle with DMR cycle in terms of
the LNG and LPG production rates. Their results showed that the DMR cycle gives 15% more
capacity than the C3MR cycle, and the DMR cycle has 11% more exploitable power than the C3MR
cycle. The AP-X LNG process is developed by Air Products successfully and applied to large trains.
Such a process uses C3 for precooling, a MRC for liquefaction, and a closed nitrogen refrigeration
loop for sub-cooling [59,60]. Figure 2.8 shows the liquefication capacity of the various
technologies, one can see that the technologies summarised in this sub-section dominate the gas

liquefaction capacity in the worldwide market, and this trend will maintain till 2022.
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Figure 2.8 Liquefaction capacity by type of process, 2016-2022 [61].
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2.2.4  Expander refrigeration cycle

Expander refrigeration cycle uses one or more isentropic processes through expansion devices,
expanders or turbines for instance, rather than the isenthalpic processes in the cascade refrigeration
cycle and MRC. The expansion devices can produce a temperature much lower than that generated
by an isenthalpic throttling process. Theoretically, due to the adiabatic expansion of high-pressure
refrigerants through expanders or turbines, the internal energy of the refrigerants can be discharged
in the form of work, which greatly improves the efficiency of the refrigeration cycle. Expander
refrigeration cycles have attracted more attention in recent years in the cryogenic field due to
several advantages over the cascade refrigeration cycle and MRC, such as wide working
temperature, rapid response time, which have economical implications for intermittent operations

of liquefaction plants [46,62].

The so-called reversed-Brayton refrigeration cycle is the simplest configuration among all expander
refrigeration cycles [63]. Such a cycle is well suitable for small-scale liquefaction with cooling
capacity ranging from ~30 to ~220 kW and the lowest temperature of 120 k. Figure 2.9 gives a
schematic of the reversed-Brayton refrigeration cycle. The refrigerants for this cycle can be selected
from a wide range of candidates, such as methane, ethane, treated pressurized natural gas and
nitrogen. In this cycle, the refrigerant firstly is compressed, followed by a heat rejection in a
condenser. An isentropic expansion then occurs in the expander after further cooling in the
recuperative heat exchanger. The expansion leads to a large temperature drop in the refrigerant,
and also shaft work. The cold refrigerant then flows into the liquefying heat exchanger to remove
both the sensible and latent heat of the feed gas. The warm, low-pressure refrigerant is then
recompressed in the compressor to complete the cycle. It has been reported that the reversed-
Brayton refrigeration cycle gives an attractive efficiency (FOM) ranging from 0.25 to 0.35 at
various cooling capacities [38,64]. Economically, the reversed-Brayton refrigeration cycles have a

reasonable capital investment due to the sample configuration.
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Figure 2.9 Schematic configuration of the liquefaction system with reversed-Brayton refrigeration
cycle [63].

However, the reversed-Brayton refrigeration cycles have a clear disadvantage of a comparatively
wide temperature difference in the both liquefying and recuperative heat exchanging process,
leading to a relatively higher power consumption. Therefore, a multiple-stage reversed-Brayton
refrigeration cycle has been proposed to increase the performance of the expander refrigeration
cycle. Jorge proposed and patented [65] a dual expander refrigeration cycle for LNG liquefaction
in 2001. The natural gas goes through two independent expander refrigeration cycles with two
different refrigerants. The first refrigerant is chosen from methane, ethane or natural gas, while the
second is nitrogen. As a result, cold and hot stream temperature curves are more closely matched,

leading to a significantly reduced temperature gradients and thermodynamic losses [65].



22

104 T

68

32T

-4 T LNG/Nitrogen
cooling curve
-40
Nitrogen refrig

-76 warming curve

TEMPERATURE °F

1121

-148 1

-184

-256 f f t } t t f ; ; {
0.0 25 51 76 101 127 152 177 203 228 253

ENTHALPY

Figure 2.10 Composite curves of the dual independent expander refrigeration cycle.

Claude refrigeration cycle is an alternative method for gas liquefication. This cycle was invented
by Georges Claude in 1902 for liquefying hydrogen or helium [36,66-69]. The refrigerants, which
are the feed gases themselves, are small molecule gases, such as helium and neon. Such small
molecule gases and their mixtures gives better heat transfer properties than the other refrigerants

[70].

Figure 2.11 shows schematically a Claude refrigeration cycle which split into three refrigeration

processes as follow:

e Pre-cooling stage: the feed gas, for example, helium goes through an isothermal
compression process, rejecting heat to the returning helium heat in the heat exchanger 1;

therein, an additional nitrogen refrigeration cycle can be utilized in the pre-cooling stage



23

and making the temperature drop to 80 K, which compared with the process without liquid

nitrogen refrigeration cycle, can have a liquefaction rate increased by 2 to 3 times.

e Two-expansion cooling stage: part of the helium flows to expander 1 & expander 2 where
a large enthalpy drop occurs providing main cold energy for the entire liquefaction process;
the expanded gas, like a refrigerant, returns to heat exchanger and further cooling down the

feed gas.

e Throttling refrigeration stage: the helium with temperature dropping down to below the
critical temperature, is depressurised by a throttling value or a cryogenic expander, leading
to liquid-vapor mixture; the liquid helium is separated as a liquid product and the vapour

phase returns the heat exchanger.

It should be mentioned that compared with the throttling value, the two-phase expander has an
advantage of improving the liquefaction rate by 3-5%, due to shaft work generation by the expander

while supplying cold energy [71].
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Figure 2.11 Schematic configuration of 2-expander Claude cycle [70].

Efforts have been made to improve the performance of the Claude refrigeration cycle over the past
decades. Thomas et al. [69] investigated the losses at different stages of the Claude cycle, for
optimising operating conditions, including pressure ratios, mass flow distribution on the expander
and the heat exchanger, and temperature profile in the heat exchanger. Kanoglu et al. [68] proposed
an integrated Claude cycle that used geothermal energy to drive an absorption refrigeration cycle
for hydrogen pre-cooling. The cooling power produced by the absorption refrigeration cycle can
pre-cool the hydrogen down to -26.9 °C, leading to a reasonable COP of 0.162 and a relatively high
exergy efficiency of 67.9. Chang et al. [72] optimized the Claude refrigeration cycle by improving
the exergy efficiency of the heat exchangers and controlling pressure, obtaining a maximum Figure

Of Merit (FOM) of 0.294 for an optimised cycle for offshore floating plants. It should be noted that
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the FOM is defined as the reversible work input divided by the actual work input in some literature

articles [72,73].

A Collins refrigeration cycle is similar to a Claude refrigeration cycle. In such a cycle, an
independent refrigerant, differing from the feed gas, is used to make mainly cooling power for
liquefying the feed gas. The advantage of the Collins refrigeration cycle is that the lowest
temperature of the cooling power produced by the refrigeration cycle is not limited by the boiling
point of the feed gas, thus, the exergy efficiency of Collins refrigeration cycle can be higher than

that of the Claude refrigeration cycle [74].

Both Claude refrigeration cycle and Collins refrigeration cycle have a complex configuration with
multiple cryogenic expanders which have shorter lifespans, so the costs in terms of capital and
maintenance tend to be often comparatively high. These issues could be resolved by further design

optimization.

2.3 Power Recovery Process (Discharging Cycle)

Power recovery from the LAES refers to the process that the stored cryogenic energy in form of
liquid phase is extracted and converted back to electrical energy. A suitable power generation
brings not only a higher output but a reasonable exergy efficiency. In this section, four cryogenic
power generation cycles are reviewed: direct expansion cycle, Rankine cycle, Brayton cycle and
Combined cycle. In the direct expansion cycle, the cryogen, which plays the role of the ‘fuel’, is
pumped up to over its critical pressure, which is then heated to approximately atmospheric
temperature by the ambient heat, followed by superheating and expansion processes to generate
power. In the Rankine cycle, cryogen is used as a heat sink while the atmosphere or waste heat is
used as a heat source. The temperature difference between the heat source and heat sink drives the
working fluid to generation power. In the Brayton cycle, a compressor is employed to compress

the working fluid, the cryogen is used to low the temperature of the working fluid before entering
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the compressor so that less work is required in the compression process, further increasing the cycle
efficiency. The combined cycle uses the direct expansion process and either the Rankine cycle or

the Brayton cycle to enhance the overall performance.

2.3.1 Direct expansion cycle

Direct expansion cycle is one of the simplest configurations for the cryogenic power generation
where the mechanical power is produced from the energy stored in the cryogen [75]. A cryogenic
heat engine employs cryogens as a heat sink and the atmosphere as a heat source [75-79]. The
potential of cryogenic energy for power generation has been under investigation by Knowlen [77]
at University of Washington as an alternative to electrochemical batteries for zero-emission
vehicles. The cryogen, which normally selected from liquid air and liquid nitrogen, plays the role
of ‘fuel” for the cryogenic power generation. A schematic of such a direct expansion cycle is shown
in Figure 2.12. The cryogen ‘fuel’, stored in the tank, is pumped to a certain level above the inlet
pressure of the expander to make up pressure losses in the heat exchangers, followed by heating up
by the returning exhaust, ambient environment and possibly other heat sources if available; the
resulting high pressure gas is expanded by multiple expansion processes, producing shaft power
for electricity generation; finally the exhaust is released to the environment through a heat recovery

heat exchanger for effective energy utilization.
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Figure 2.12 Schematic configuration of the direct expansion cycle.

The advantages of the direct expansion cycle include:

e The cryogenic power generation is a zero-emission system; the flue comes from the

atmosphere while the pollutants are removed before the cryogen condensation [78];

e The configuration is simple, compact, endurable, as the system does not employ any

combustion unit.

However, the direct expansion cycle is an inefficient cycle for cryogenic power generation as it
does not fully use the cryogenic exergy when it is evaporated, and a huge amount of cold energy is
discarded into the environment. Many efforts have been made to improve the energy efficiency,
leading to two methods being developed: energy storage and combined cycle. The energy storage
method is to recover the cold energy from the cryogen evaporation process instead of the use of
atmosphere heating process, and the recovered cold could be used in the refrigeration process to
decrease the cost of the gas liquefaction [78,80], see Figure 2.13. The combined cycle recovers the
cold energy from the cryogen and directly use the cold as a heat sink for other power generation

cycles, such as the closed loop Rankine cycle and Brayton cycle, see Section 2.3.4. for more details.
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Figure 2.13 Schematic configuration of the direct expansion cycle with energy storage unit.

2.3.2 Rankine cycle

The Rankine cycle could avoid the drawbacks of the direct expansion cycle and give more efficient
exergy utilizations. The Rankine cycle often uses the cold exergy from a LNG evaporation process
as the heat sink for power generation [81-86]. Figure 2.14 (a) shows a sample of Rankine cycle,
which absorbs the evaporation heat from the environment and rejecting the heat in the condenser
to reheat and evaporate LNG. The temperature difference between the ambient and LNG
temperature drives the indirect working fluid to generate power through the Rankine cycle [81-83].
To recover both the latent heat and the sensible heat of the cryogen, a material which has a slightly
higher phase change point than that of the cryogen is often selected as a working fluid for the
Rankine cycle. Propane has a boiling point of -42.6 °C at the atmospheric pressure and is usually
selected as the working fluid to absorb the cryogenic exergy of the LNG in the Rankine cycle.
However, Due to large temperature differences between the propane and the LNG in the
evaporator-condenser and the lack of cold recovery in the evaporator, the overall energy efficiency
is less than ~20%. Additionally, the power generation using Rankine cycle cannot reach below -

90 °C as the working fluid is in the both gaseous and liquid state and cryogenic energy transferred
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to the working fluid is in the form of sensible heat and latent heat, leading to a great irreversibility

in the heat exchanger and high exergy losses [87].
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Figure 2.14 Schematic configurations of the Rankine cycle; (a) simplest Rankine cycle; (b) 2

stage cascade Rankine cycle.

To effectively use the cryogenic energy extracted from the LNG evaporation and minimize the
temperature difference between the working fluid and the LNG, Bisio and Tagliafic [85,86]
proposed several configurations based on the cascade Rankine cycle, as shown in Figure 2.14 (b).
In such a configuration, methane and ethene, with a lower phase change point, serve as a working
fluid in the first Rankine cycle, while propane, water and ethane are used in the subsequent Rankine
cycles. Therefore, this method improves the cryogenic energy efficiency by decreasing the
temperature difference across the evaporator-condenser and hence minimizes the exergy loss when
heat transfer occurs. However, Bisio and Tagliafic also found that it is not always the case that
more cascade configurations gives a higher efficiency because the system complexity can weaken

the operation stability [86]. It is also concluded that a promising configuration is the one employing
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three cascade Rankine cycles with a much higher heat source temperature than the ambient

temperature, reaching a maximum exergy efficiency of 64%.

Increasing the gas temperature before expansion can effectively improve the output power of an
expander in the Rankine cycle. Deng et al. [88] and Zhang et al. [89] used CO- as a working fluid
and designed a combustor before the expander, where the high-pressure working fluid is mixed
with part of natural gas from the LNG evaporation process, leading to more shaft work produced
for electricity generation. Such a cogeneration system results in a good thermodynamic
performance with the energy and exergy efficiencies over 60% and 50%, respectively. CO; is
generated by fuel combustion, which is mostly recovered as a liquid phase, and therefore, this

Rankine cycle could obtain the ability of CO. capture.

Waste heat can be produced during the charging process of the LAES system. Thus, there is an
enormous potential to enhance the system output power by effectively utilizing waste heat. Organic
Rankine Cycle (ORC) is not a new concept, which is mainly focused on the low-grade heat as heat
source, such as industrial exhaust [90,91], biomass [92] and geothermal [93]. The ORC uses such
a configuration as the conventional Rankine cycle as shown in Figure 2.14 (a) but an organic
working fluid instead of the ones mentioned above. Organic fluids can be widely selected, as shown
in Table 2.2, and organic fluids lead to a higher cycle efficiency at low-temperature low-pressure
conditions. These make the ORC more economically feasible for small plants [92]. It has been
concluded that thermal efficiency of a standalone ORC ranges from 10% to 25%, however, the
round trip efficiency of a combined system with the ORC is significantly higher than the

conventional system [94].
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Table 2.2 Properties of typical working fluids used in ORC [94].

Working fluid Molecular mass  Critical Critical pressure  Boiling point
(kg/kmol) temperature (K)  (MPa) (K)

R245fa 134.05 427.2 3.64 288.05
R245ca 134.05 447.57 3.925 298.28
R141b 116.95 479.96 4.46 305.2
R123 152.93 456.83 3.662 300.97
R236ea 152.04 412.44 3.502 279.34
Butane 58.122 425.12 3.796 272.6
R32 52.02 78.10 5.780 -51.60
R134a 102.03 101.06 4.059 -26.07
R124 136.48 122.28 3.624 -11.96
R11 137.37 471.11 4.408 296.86

2.3.3 Brayton cycle

The Brayton cycle uses a gas compressor to pressurise the working fluids instead of a pump in the
Rankine cycle. The cryogenic exergy from the cryogens such as LNG and liquid air is used to cool
down the gas at the inlet of the compressor, leading to a significant decrease of the specific
compression work. It is mainly because that the temperature is related to the specific volume (v) of

the gas and further affects the compression work based on the following equation:

Wcompression = _[V ’ dp (21)
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Figure 2.15 presents two configurations of the Brayton cycle for the exploitation of the cryogenic
energy: an open Brayton cycle and a closed Brayton cycle. These two configurations are often

considered for use in LNG evaporation process.
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Figure 2.15 Schematic configurations of the Brayton cycle; (a) open cycle; (b) closed cycle.

The open Brayton cycle, as shown in Figure 2.15 (a), refers to a gas open cycle where the cryogenic
energy from the cryogen cools down the working fluid before being compressed, and a coaxial
arrangement of compressor and turbine is implemented in the cycle. The feasibility of this method
was studied by Kim and Ro [87], using LNG cold energy to cool down the air at the compressor
inlet. They found that the environment temperature and humidity had a dramatic effect on the output
power: an increase of ~10 °C in the environment temperature led to a 6% drop in the output power,

while the use of dry air gave a maximum increase of 8% in output power.

In the closed Brayton cycle as shown in Figure 2.15 (b), the expanded working fluid returns to the
hot side of the heat exchanger, forming a closed loop. Thus, the working fluid can be cooled to a
temperature of below -140 °C as the working fluid is in the gaseous state throughout the Brayton

cycle and cryogenic energy transferred to the working fluid is in the form of sensible heat [87,95,96].
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The temperature profiles between the cryogen and working fluids in the closed Brayton cycle have
closer match than the Rankine cycle, as illustrated in Figure 2.16. This contributes to the reduction

of irreversibility in the heat exchanger and the increase of the exergy efficiency [97].
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Figure 2.16 Composite curves of the LNG and the working fluid in (2) closed Brayton cycle; (b)
Rankine cycle [97].

Efforts have been made to improve the performance of the Brayton cycle in recent years. For
example, a multi-stage compression process with inter-stage cooling has been investigated by many
researchers. Bisio et al. [86] proposed a closed Brayton cycle with two-stage compression, for
which the LNG is split into two streams for inter-stage cooling to decrease the power consumption
of the compressor. Kaneko et al. [98] proposed an improved Brayton cycle, namely mirror gas-
turbine cycle (MGT), for which LNG is used to cool the working fluid at the outlet of turbine and
at the inlets of the compressors continuously. They reported that 7-20% of the exhaust energy can
be converted to useful work by a three inter-stage cooling process, whereas the thermal efficiency

of the turbine can be improved by over 25% [98].

2.3.4 Combined cycle

A Combine cycle integrates the Rankine cycle, the Brayton cycle or both. Such a method effectively

uses the available cryogenic exergy, which would otherwise be discarded to the environment, to
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convert energy to useful work. In a typical combined cycle, the cryogen is pumped up to the
supercritical state and then transfers the cryogenic exergy to the working fluid to produce one part

of output power, followed by a direct expansion cycle to discharge the rest part of output power.

Figure 2.17 presents three typical combined cycles for the LNG evaporation process. Figure 2.17
(a) consists of a 2-stage cascading Rankine cycle and a direct expansion cycle, the top Rankine
cycle could be operated with steam, ammonia or ethane, while the bottom cycles could use butane,
propane or propylene as the working fluid which have a low phase change point. Kaneko et al. [99]
developed an integrated system with a simplest Rankine cycle and a direction expansion cycle in a
large-scale LNG terminal, which had reached 1100 MW by 2009. Oliveti et al. [100] proposed an
integrated plant that employed a steam based closed Rankine cycle, an intermediate ammonia based
closed Rankine cycle and a natural gas based direct expansion cycle. A waste incinerator was used
to supply heat to the steam based Rankine cycle. They reported that the thermodynamic efficiency
increased to 28.8%, the output power increased to 27.8 MW, meanwhile the proposed plant would
allow for a reduction of 60% in water consumption. Meng et al. [101] analysed a cascading system
for recovering t