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Abstract

The past decade has seen a significant growth in renewable energy installations driven by a
global effort to combat climate change. The non-dispatchable nature of most renewable
energy generation and the less predictable end-user demand imply a highly challenging
supply-demand management for energy networks. Energy storage technologies provide an
avenue to meet the energy supply and demand through the chain of generation, transmission,
distribution, and end use. Liquid Air Energy Storage (LAES) is one of the most promising

energy storage technologies, which have started large-scale commercial deployment.

There has been an increased number of studies on the LAES technology, especially since
2010. These studies include the basic characteristics and performance of the standalone LAES
in the early stage of development, and the improvement of the round trip efficiency of the
standalone LAES through configuration optimization in most of the subsequent publications.
These studies also explored the integration of the LAES with external cold/heat sources or
industrial processes for performance improvement. However, the range of applications of the
LAES is still very limited, mainly focusing on the decarbonization of the power sector,
especially for the large-scale power grid. This Ph.D. work aims to extend the application
fields of the LAES technology, including the provision of green multi-energy-vector products,

decarbonizing the industrial sector and building sector at different scales.

First, a power plant for recovering cryogenic waste energy from LNG regasification and
compression heat from the LAES is proposed and the thermodynamic analyses are carried out.
The results show that the power plant could achieve a thermal efficiency of 27% and an
exergy efficiency of 40%. An economic analysis of the plant shows a payback period of only

2.2 years, due to the use of the excess heat from a SMW/40MWh LAES system.

Second, apart from the use of excess compression for power generation, it can also be utilized

for the provision of multi-energy-vector services. Therefore, a standalone LAES system is
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proposed for combined cooling, heating, hot water, and power supply. The results show that
such a standalone LAES can achieve a high nominal-electrical round trip efficiency between
52% and 76%, with the maximum at a charging pressure of 5 MPa, a new finding that has not

reported before.

Third, decoupled LAES provides a route to transport energy from renewable energy-rich areas
to end-use sites. A new cryogenic thermoelectric generation (Cryo-TEG) method is therefore
proposed to recover the cryogenic energy of the decoupled LAES during the discharging
process. The results show that the Cryo-TEG has a thermal efficiency of ~9%, which is lower
than that of a Rankine cycle operated over the same temperature range. However, the Cryo-
TEG gives a levelized cost of electricity of 0.0218 $/kWh for small-scall applications, which
is ~4 times cheaper than that of the Rankine cycle system. With the Cryo-TEG, the decoupled
LAES systems could achieve an electrical round trip efficiency of ~29% and a combined

cooling and power efficiency of ~50%.

Fourth, the ammonia synthesis process requires the feed gas of nitrogen, one of the
ingredients of the storage mediums for the LAES system. Two new integrated methods
between the LAES system and the ammonia synthesis system are therefore proposed: LAES-
NH; and LAES-AS-NH3;. The LAES-NH3; is found to be more suitable for the existing
ammonia production plant. The LAES is used as a nitrogen buffer to transfer the peak load of
the air separation unit to off-peak time. In this way, the air separation unit used for nitrogen
supply to the ammonia synthesis process can realize an operation cost decrease by ~38%. On
the contrary, the LAES-AS-NHj3 is more suggested for a new ammonia production plant. In
such a configuration, a single distillation column is added to the LAES (denoted as LAES-AS)
for air separation. Both liquid nitrogen and liquid air can be obtained during the charging
process, for use as the feed gas for ammonia synthesis and the working fluid for the LAES
discharging process. The nominal round trip efficiency of the LAES-AS side is shown to

reach 69%, and the electricity consumption of the ammonia synthesis process can be reduced
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by ~31.6%. As a result, the LAES-AS-NH3 system could achieve an overall round trip

efficiency of 30%, which is 13% higher than that of the standalone ammonia synthesis system.
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Chapter 1 Introduction

1.1 Background

To achieve the aim of maintaining the global average temperature rise of 1.5 °C, all sectors
across the economy will need to be decarbonised by the early second half of this century [1].
Renewables (wind, solar, hydropower, biomass, tide) will undoubtedly play a major and
critical role not only for the power sector, but also the thermal (heating and cooling) and
transportation sectors. The intermittency of the renewable requires the use of energy storage

technologies, the key focus of this Ph.D. study.
1.1.1 Energy storage in the power sector

In the power sector, the past decade has seen significant growth in renewable energy
installations. In 2019, renewables experienced record-high increases in newly installed
capacity, reaching more than 200 GW and dominating new power installations [2]. Overall,
the power capacity of renewable energy accounted for 27.3% of the global power supply by
the end of 2019 [2]. With the technological progress and policy support across many countries,
shares of renewables in electricity expect a further increase worldwide. Figure 1.1 shows the
assessment of the world net electricity generation projection provided by different resources
from 2010 to 2040 [3]. One can see that the renewables are the fastest-growing source of
power generation over the next 20 years, with an average growth rate of 2.8% per year.
However, the non-dispatchable nature of most renewable energy generation and the less
predictable end-use demand imply a highly challenging supply-demand management for
power networks. For example, in case of no extra reserve capacity to ensure electricity quality,

renewable penetration is not recommended to exceed 20% of the total load [4,5].



World net electricity generation by fuel Share of net electricity generation

trillion kilowatthours percent
2015 2015

a0 100% gy wm = mm = = = |jquids
35 90%

u B —— natural gas
ag _ - 70%
25 — 1 80%
D) =g | 50% coal
15 40%
1 | 30%

| 20% renewables

5 T 10%
0 0%

2010 2015 2020 2025 2030 2035 2040 2010 2015 2020 2025 2030 2035 2040

Figure 1.1 Share of world net electricity generation by types from 2010 to 2040 [3].

Clearly, more effort is needed to increase the penetration of renewable energy in the power
sector, for which, as mentioned above, energy storage technology is one of the most effective
measures to facilitate this transition. Energy storage systems can provide numerous and
various energy services, as shown in Figure 1.2 [6], from generation and transmission to
distribution and customer/end-users. On the one side, these services are able to increase the
flexibility and reliability of power networks, improving the uptake capacity of the grid for
renewable electricity [7]. On the other side, energy storage systems can smooth the power and
voltage outputs from renewable energy directly, improving the renewable electricity quality
and reducing its impact on the power grid [8]. Furthermore, energy storage can also provide
off-grid electricity services, making renewable energy utilization in off-grid areas more

effective and efficient [9].
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Figure 1.2 Application overview of energy storage systems in the power sector [6].




1.1.2 Energy storage in thermal and transport sectors

Thermal (heating and cooling) energy and transportation are also extremely important sectors
that have been regarded as the most challenging for decarbonization. Figure 1.3 illustrates the
split of total final energy consumption by different sectors in 2017 [10]. It can be seen that the
thermal (heating and cooling) sector is the largest end use energy consumer, making up about
51% of total final energy consumption, followed by transport sector (32%) and power sector
(17%). However, although renewable energy takes a considerable portion in power supply, its
use in thermal and transport sectors lag significantly. As shown in Figure 1.3, only 10.1% of
thermal energy and 3.3% of transport energy are from renewable sources. Thus, an
accelerated phase-out of fossil fuels in the thermal and transport sectors is critical to

achieving the net zero targets.
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Figure 1.3 The end-use energy consumption structure in 2017 [10].

To promote the uptake of renewable energy in the thermal sector, energy storage has a big
role to play. First, electricity is one of the main energy sources to supply cooling and heating
in the thermal sector. The utilization of energy storage is capable of facilitating a high
penetration of renewable energy for electricity generation which can be used for heat and cold
energy generation and hence increase the contribution of renewables in heating and cooling
provision. Second, energy storage can shift the peak thermal demand, benefiting the whole

thermal systems. This can be achieved by charging thermal stores during lower-cost periods



with renewable energy and discharging at peak thermal loads, leading to a better utilization of
renewables in the thermal sector. Third, energy storage provides a solution to deal with
seasonal thermal demand-and-supply mismatches. For example, the surplus renewable heat in

summer can be stored in thermal energy farms for use in winter [11].

In the transport sector, transportation electrification is regarded as one of the most effective
ways towards decarbonization. This includes the use of battery-electric, hybrid, or fuel cell
(based on renewable hydrogen) vehicles [2], which are all based on the development of
different energy storage technologies (e.g., battery and hydrogen storage). Also, the above-
mentioned approaches are based on the principle that the electricity itself is generated by

renewables, which cannot be achieved without energy storage.

1.1.3 Classification of energy storage technologies

As briefly mentioned above, the development of energy storage technologies is essential for
the transition to net-zero energy future with high penetration of renewable energy. Energy
storage can be defined as a process or a device which stores energy generated (charge), keeps
the stored energy (storage), and uses the stored energy (discharge) [12]. One can classify the
energy storage technologies according to the form of energy stored and the storage duration
(long, medium, or short term). Various parameters such as cycle efficiency, technical maturity,
response time, cost of investment, storage capacity, energy density, and influence on the
environment, etc. have been used to assess the storage performance [7,13]. Figure 1.4 shows
the classification of energy storage technologies according to the form of energy stored

[13,14].
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Figure 1.4 Categories of energy storage technologies by the form of energy stored [13,14].

This Ph.D. work focuses on Liquid Air Energy Storage (LAES) which is a Thermal Energy
Storage (TES) method fundamentally, which stores the majority of energy at very low
temperatures (cryogenic). The LAES uses liquefied air or nitrogen as the main storage
medium [15]. Compared with other energy storage technologies, the LAES shows the

following advantages [15,16]:

e LAES can reach both multiple GWs and GWhs scales. So far, only Pumped Hydro
Storage (PHS), Compressed Air Energy Storage (CAES) and natural gas can be at such a
level.

e LAES plants have no geographical constraints.

o LAES is safe and reliable because the storage tank works at or close to the atmospheric
pressure.

o LAES uses off-the-shelf components, so the capital cost is competitive.

In addition, LAES has a lifetime of more than 30 years. Its maintenance and operation costs
are low. Cost reduction and revenue improvement of LAES are possible with scale. Finally,
LAES gives zero emissions and actually, it can help clean the air by taking CO, out [17].
These outstanding features make the LAES one of the most attractive large-scale energy

storage technologies.



1.2 Aims, Objectives and Methodologies

This research aims to explore various application scenarios that the LAES technology could
be used through integration and optimization. So far, the LAES system has been mainly
considered for use at large scales in the in the power sector, especially in large power grids.
This work also explores the use of LAES for the decarbonization of the industries and

buildings across both small and large scales.

The main tasks and methods of this work include:

e To identify research gaps related to the LAES through an extensive literature review.

e To develop a method to utilize the excess compression heat of the LAES, and create
values for the heat through the provision of additional electricity with a power generation
cycle along with waste cold energy sources e.g., the LNG regasification process, and the
thermal products (combined cooling, heating, and hot water) with a multifunctional LAES
system.

e To develop a decoupled LAES system for the building sector through the integration of
thermoelectric generators for cryogenic energy recovery.

e To develop a process to integrate the LAES with an ammonia synthesis system, and

understand the characteristics of the integrated LAES system with the ammonia synthesis.

1.3  Novelties

There have been increased number LAES studies in the recent years. The present work differs

significantly from these published studies:

e This work considers a power plant operated over a wide working temperature range
between a cold source (-160 °C) and a heat source (~200 °C), specifically for recovering

both LNG waste cold and industrial waste heat in one integrated system.



o This work proposed a multifunctional LAES system for combined cooling, heating, hot
water, and electricity supply, specifically for applications in local decentralized micro
energy networks, and the decarbonization of the thermal sector.

e This work proposed the use of a thermoelectric generator for the first time to recover the
cryogenic energy in a decoupled LAES, as a more cost-effective way than the traditional
method of using a Rankine cycle in a small-scale application scenario. This opens an
avenue for the decoupled LAES to provide green electricity to the remote areas that are
not connected with the power grid in an economical way.

e This work proposed for the first time, integration of a LAES system with an ammonia
synthesis system, for better thermodynamic and economic performances. This opens a

scenario for the use of LAES system in industrial sector decarbonization.

1.4 Layout of this thesis

This thesis consists of 8 Chapters. Chapter 2 summarizes the relevant literature covering

standalone LAES, integrated LAES, and decoupled LAES.

Chapter 3 introduces the thermodynamic modelling and optimization methods for complex
power/thermal systems, including a generalized method using energy analysis, exergy

analysis, and pinch analysis for process and system optimization.

Chapter 4 optimizes a waste thermal energy based power generation plant, in which the
compression heat from a LAES plant and the cryogenic energy from a LNG regasification

plant are used as the heat and cold sources, respectively.

Chapter 5 analyses the thermodynamic performance of a standalone LAES system for
combined cooling, heating, hot water, and electricity supply over a wide charging pressure

range.

Chapter 6 analyses both the thermodynamic and economic performances of a thermoelectric

generator integrated to a LAES system for cryogenic energy recovery.
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Chapter 7 studies the integration of a LAES system with an ammonia synthesis system. Two

configurations of the LAES are considered with and without an air separation function.

Chapter 8 summarizes the main conclusions of this study with recommendations provided for

future work.



Chapter 2 Literature Review

This Chapter briefly explains the characteristics of the LAES technologies first (Section 2.1).
The focus is then on relevant studies on the development of the LAES technologies, which
can be divided into three parts: thermodynamic analysis and configuration optimization of
standalone LAES systems (Section 2.2); integration methods of LAES systems with external
thermal sources and other industrial processes (Section 2.3); and development of decoupled
LAES systems (Section 2.4). Finally, a summary of the literature review is given (Section

2.5).
2.1 Liquid Air Energy Storage (LAES) characteristics
2.1.1 Brief history and development of LAES

The concept of using liquid air or liquid nitrogen as an energy storage medium can be dated
back to the 19" century, while the use of liquid air or liquid nitrogen for the provision of
peak-shaving in a power grid first proposed by the University of Newcastle upon Tyne (UK)
in 1977 [18]. These led subsequent research by Mitsubishi Heavy Industries [19] and Hitachi
[20] on the area. However, turning the concept to the LAES technology took over 40 years
with the world’s first LAES pilot plant (350kW/2.5 MWh) designed, built, and trialled over
2005-2013 by Highview Power in collaboration with the University of Leeds [21]. This pilot
plant was donated to the University of Birmingham for further research in 2013, as shown in
Figure 2.1(a). In 2018, Highview Power commissioned its first pre-commercial plant of the
LAES (SMW/15MWh) in Manchester, United Kingdom [22] (Figure 2.1(b)). These efforts
have led to the first large-scale commercial plant (SOMW/300MWh) currently under

construction at a decommissioned thermal power station in North of England [23].



(@) (b)
Figure 2.1 The LAES plants: (a) 350 kW/2.5 MWh at University of Birmingham and (b) 5

MW/15 MWh at Manchester.

2.1.2 Basic principle and configuration of LAES

The working principle of the baseline coupled LAES (standalone) includes an air liquefaction
unit for charging at off-peak hours and a power recovery unit for discharging at peak hours, as

shown schematically in Figure 2.2 (a).

e In the charging process: purified air is first compressed to a high pressure, then cooled
down to a low temperature, and finally expands to produce liquid air, with heat generated
during air compression harvested and stored for later utilization in the discharging process.

e In the discharging process: the stored liquid air is pumped to a high pressure first,
evaporated with ambient heat and then superheated to a high temperature by the stored
compression heat, and finally expands in the air turbine to generate electricity.

e Cold and heat recycle: the heat generated during air compression in the charging process
is harvested and stored for later utilization in the discharging process; the cold released
during liquid air evaporation in the discharging process is recovered and stored for reuse

in the liquefaction process to enhance the liquid yield and hence the round efficiency.

In the coupled LAES, the charging and discharging processes are closely coupled through the

cold energy and heat recovery and storage to enhance the system performance. There is
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another case that liquid air is produced on site with offshore or onshore renewable energy [24],
and then transported to end users for electricity supply [25], in which the air charging and
discharging processes operate in different places. This is defined as decoupled LAES (see

Figure 2.2 (b)).

Clearly, in either coupled or decoupled LAES, air liquefaction (charging process) and power
recovery (discharging process) are two major processes that affect the overall system

performance.
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Figure 2.2 (a) Basic principle of coupled LAES and (b) decoupled LAES.

2.1.2.1 Air liquefaction (charging process)

Air liquefaction is a process in which the purified air is refrigerated to a temperature below its

boiling point (-194.35 °C, 78.8 K) to form a liquid phase at a suitable pressure, leading to a
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significant reduction in volume (by ~700 times) and hence an energy-dense storage medium.
Many methods can create such a low temperature for gas liquefication, almost all of which
are based on the same principle illustrated in Figure 2.3. First, the feed gas, a mix of the fresh
gas and the return gas, is compressed to a high pressure through a compressor. Then, the
pressurized feed gas is cooled down to as low temperature as possible through heat exchange
with the return gas and other refrigerants in a countercurrent heat exchanger (also termed a
cold box). The cooled feed gas from the cold box enters a decompressor (typically a Joule-
Thomson valve), expanding to a low pressure, through which cooling occurs with some liquid
product produced in the reservoir. The low-temperature, low-pressure vapor portion of the
feed gas returns to the compressor inlet after releasing the cold energy in the cold box to
repeat the cycle. According to whether the refrigeration unit is employed and the specific
configuration of the refrigeration unit, the gas liquefication method can be divided into Linde-
Hampson cycle, cascade refrigeration cycle, mixed refrigeration cycle, and expander cycle

[26-28].

The cascade refrigeration cycle and the mixed refrigeration cycle are two most widely used
processes for large-scale gas liquefaction, especially in the field of the Liquefied Natural Gas
(LNG) production due to their high exergy efficiency. However, the cascade refrigeration
cycle and the mixed refrigeration cycle have to deal with the distribution of the vapor and
liquid phases of the refrigerants, making them less suitable for intermittent operations.
Therefore, these two cycles are not commonly used in the LAES system [29,30]. In most
studies, the air liquefaction unit of the LAES system is based on the Linde-Hampson cycle

and the expander cycle [31].

Linde-Hampson cycle is known as the most straightforward gas liquefaction process in which
the low-temperature return gas is the only cooling load in the cold box, as shown in Figure 2.4
(a). The advantages of the Linde-Hampson cycle are its simple configuration, long lifespan,

and low cost since there are no moving parts and extra refrigeration units. However, the

12



exergy loss of the irreversible throttling process and the mismatch of the temperature profile

in the cold box lead to its exergy efficiency below 10% [32,33].

One of the most commonly used expander cycles for air liquefaction is the Claude cycle. The
basic Claude cycle uses a two-stage expansion process with an expander and a Joule-
Thomson valve (JT valve), as shown in Figure 2.4 (b). Thus, there are two cold sources to
provide cooling load in the cold box: one is the low-temperature air in the gaseous phase after
expanding in the JT valve, which is the same as the Linde-Hampson cycle; the other one is a
stream of air out of the expander, which increases the exergy efficiency further. There are two
additional (modified) Claude cycles, termed as Kapitza cycle and Heylandt cycle (see Figure
2.4 (c) and (d)), which are generally utilized for low-pressure and high-pressure (up to 20
MPa) air liquefaction, respectively [31,34]. As a modification or an extension to the Claude
cycle, the Collins cycle (Figure 2.4 (e)), which uses multiple expanders instead of a single
expander has also been proposed for the performance enhancement. However, the Collins

cycle is not yet economically feasible due to its complex configuration [35].
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Figure 2.3 Basic configuration of gas liquefaction.
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Figure 2.4 Common used air liquefaction cycles: (a) Linde-Hampson cycle; (b) Claude cycle;

(c¢) Kapitza cycle; (d) Heylandt cycle; and (e) Collins cycle.

To improve the thermodynamic performance of the whole LAES system, the configurations
of these air liquefaction cycles usually need to be refined. A typical configuration of the
Linde-Hampson cycle-based liquefaction process of a standalone LAES is given in Figure 2.5
as an example. Comparing with the conventional air liquefaction cycles, the main changes in

the refined air liquefication process are discussed as follow:

e The inclusion of a more efficient expansion process: the cryo-turbine is usually
adopted to replace the JT valve, reducing the big exergy loss caused by the

irreversible throttling process.
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The use of a high-grade cold recovery: the cold energy released from the liquid air
evaporation during discharging is captured and stored in a high-grade cold storage
unit. The high-grade cold storage unit contains one or multiple stages (a two-stage
cold storage unit is illustrated in Figure 2.5), each of which is filled with latent or
sensible thermal energy storage materials for corresponding working temperatures. In
this way, the exergy loss caused by the mix of different grades of cold can be reduced.
During charging, the cold energy stored in the high-grade cold storage unit is
recovered and introduced into the cold box for cooling supply. The heat transfer
fluids of the high-grade cold storage unit could be pressurized air, pressurized
nitrogen, propane, and methanol, and so forth.

Compression heat recovery: the heat generated during the air compression is
recovered and stored in a compression heat storage unit. The heat storage unit also
contains one or multiple stages filled with latent or sensible thermal energy storage
materials for different storage temperature ranges (a one-stage compression heat
storage unit is shown in Figure 2.5). The stored compression heat is usually reused in

the discharging process for power generation enhancement.
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Figure 2.5 A typical Linde-based air liquefication process in the standalone LAES system.

2.1.2.2 Power recovery (discharging process)

The power recovery process of a LAES system refers to the process that the stored cryogenic
exergy in the liquid air is extracted and converted back to electrical energy. This process
could be realized by one or more of the following four basic cycles of direct expansion cycle,

Rankine Cycle, Brayton cycle, and combined cycle [30], as summarized in Figure 2.6:

In the direct expansion cycle (Figure 2.6 (a)), the cryogen is pumped up to over its critical
pressure and then heated to approximately atmospheric temperature by using ambient heat, or
to a higher temperature by waste heat or combustion with fuel, before expansion to generate
power. The Rankine cycle (Figure 2.6 (b)) uses the cryogen as a heat sink to condense the
working fluid (e.g., propane, methane, ethane, and carbon dioxide), and the atmosphere or

waste heat, if available, as the heat source to generate power. In the Brayton cycle (Figure 2.6
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(c)), a compressor is employed to bring the working fluid to a high pressure for expansion to
produce electricity, whereas the cryogen is used to cool down the working fluid before
entering the compressor to reduce compression work and increase efficiency. The combined
cycle (Figure 2.6 (d)) integrates the direct expansion cycle with either the Rankine cycle or
the Brayton cycle to enhance the overall performance.

The direct expansion cycle has the lowest cryogenic exergy utilization efficiency among the
four cycles discussed above, as it only uses the mechanical (pressure) part of the cryogenic
exergy and discards the thermal part into the environment. The combined cycle uses both the
mechanical part and the thermal part of the cryogenic exergy, and hence has the highest
exergy efficiency.
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Figure 2.6 Common cycles for power generation from cryogenic exergy: (a) direct expansion

Heat source

cycle; (b) Rankine cycle; (c) closed Brayton cycle; and (d) Combined cycle.

A typical configuration of the power recovery process in a standalone LAES is given in
Figure 2.7. One can see that in the standalone LAES system, the thermal part of the cryogenic

exergy of the liquid air is recovered and stored in the high-grade cold storage unit for use in
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the liquefaction process. Therefore, only the mechanical part is exploited to generate

electricity, making the direct expansion cycle the most suitable power recovery process.
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Figure 2.7 A typical power recovery process in the standalone LAES system.

2.1.3 Comparison with other energy storage technologies

As shown in Figure 2.8, the functions that energy storage can provide can be classified by
energy, power, and discharge duration [7,13]. Based on this, LAES belongs to the medium-to-
long-term energy storage technology for large-scale applications (energy management and
some of the grid support functions). Pumped Hydro Storage (PHS), Compressed Air Energy
Storage (CAES), flow batteries, and hydrogen storage coupled with fuel cell are capable of
providing equivalent or similar functions to the LAES. On the contrary, supercapacitor,
flywheel, Li-ion batteries, etc. are usually utilized for power quality and reliability
enhancement applications, which the LAES cannot cover without specific measures, e.g.,
Spin-Gen (i.e., keeping the turboexpander-generator pre-synchronised to the grid and

motoring during periods when a dispatch is expected).
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Figure 2.8 Energy Storage functions by the needs in energy, power, and discharge duration.

Some critical technical performances of the LAES, PHS, CAES, large-scale battery (flow
battery), and hydrogen storage are summarized in Table 2.1 for comparison purpose. It can be
seen that flow battery and hydrogen storage coupled with fuel cell have power rating and
storage capacity within 200 MW and hundred MWh, respectively. They are far less than those
of the LAES, PHS, and CAES (GW/GWh). Among the GWh-scale energy storage
technologies, the LAES shows a lower round trip efficiency and a lower level of technical
maturity than PHS and CAES. Nevertheless, the potential of the LAES is huge due to no
geographical constraints and high energy density. In addition, LAES has features that CAES

and PHS do not have, e.g., combined heating, cooling and power.
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Table 2.1 Comparison of technical characteristics of energy storage systems for large-scale application.

Storage Energy storage Round trip Lifetime Response Daily self- Geological

method density (Wh/L) Power rating Discharge time efficiency (year) time discharge conditions Maturity
97 [36] 3
100kW-300MW 20-60 [37] ) Demonstration —
LAES 120-200 [7] (7] Hours-days [36]  50-70% [36] oy Mn [38,39]  ~0.5-1% [7] No .
> re-commercilalize
60-120[37] ~ Upto GW[17] 7] P ’
0.5-1.5 [7] 40:60 (7
100-5000MW Hours-days - . .
PHS 0.5-1.33 [40 60-80% min [41 ~01[43 Strict Matured
[ ] [7,36] [7’13] 0 30-50 [42] [ ] [ ]
0.2-2 [41]
3-6 [7] 70% [13]
Hours-days 20-40 [7] . . o
CAES 0.4-20 [40] 5-300MW [7,13] [7.13] 41-75% [41] 3040 [42] min [41] ~0 [43] Strict Commercialized
2-6 [41] 70-73% [42]
Flow battery 16-33[7] 0-20MW [40] 75-85% [13] .
: 10-33 [40] Seconds-10h ¢ 750, 1417 Sopel [41] 0.15%l13] N Commercialized
(Vanadium Up to 200MW [13,36] 0 520 [13] sec 0.2% [45] o ommercialize
redox) 20-70 [41] [44] 85-90% [36]
Hydrogen i Seconds-days
s 500-3000 7] ) [7.36] 35-42%1[42] 10-30[41]  <sec[13]
storage 0.1-50MW ~0 [43] No Developing
COlflpklfd Vlvllth 600 ([2401}\@3) [36,42] Hours-weeks  20-50% [46]  5-20[13]  sec-min [41]
uel ce

[41]
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2.2 Standalone LAES system

2.2.1 Thermodynamic analysis of standalone LAES systems

A standalone LAES system operates independently without energy inputs from external
sources. It is, therefore, more flexible in terms of site selection, but further round trip
efficiency improvement is difficult without a deep understanding of the system. Thus, along
with the LAES technology proposed and developed, the thermodynamic performance of the
standalone LAES system has been extensively researched to understand optimal operation

conditions and ways to enhance the round trip efficiency.

To obtain the highest theoretical round trip efficiency of the standalone LAES system,
Morgan et al. [39] studied an ideal LAES cycle (Figure 2.9) without considering the second
law losses in the heat transfer processes. An increase in the charging pressure was found to
give a higher liquid yield, and an increase in the discharging pressure contributed to a higher
power generation. Both can enhance the round trip efficiency. However, the increasing
discharging pressure had a negative influence on the cold recycle, and hence beyond 12 MPa,
the theoretical round trip efficiency of this ideal LAES cycle could reach a maximum of

~86%.
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Figure 2.9 Ideal LAES cycle without accounting for second law losses [39].

Most thermodynamic analysis is based on a more technically feasible LAES configuration

instead of the ideal LAES cycle. The study of the thermodynamic performance of the
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standalone LAES can be divided into three aspects: system configuration, design/operating

parameter, and component/material in the system.

2.2.1.1 System configuration

Several studies have been performed to understand the impact of different basic
configurations (either different air liquefaction or different power recovery configurations) on
the thermodynamic performance of the standalone LAES system. A summary is given in

Table 2.2.

Air liquefaction Borri et al. [47] compared simple Linde, simple Claude and Kapitza cycles
for a small-scale LAES system without considering the high-grade cold recovery. The results
showed that the LAES configuration with a two-stage compression Kapitza cycle gave the
best result with a performance enhancement of 25%. Abdo et al. [35] compared the simple
Linde-based, the Kapitza-based and the Collins-based LAES systems without the high-grade
cold recovery process. The Kapitza-based and the Collins-based LAES systems were found to
have very similar thermodynamic performance, which were better than the Linde-based
system. As is known, the high-grade cold recovery can improve the performance of the
liquefaction cycle of the standalone LAES further. Based on this, Hamdy et al. [31]
considered six different air liquefaction cycles (the simple Linde, the precooled Linde, the
dual pressure Linde, the simple Claude, the Kapitza cycle and the Heylandt cycle) in a
‘liquefaction block’ of a standalone LAES system equipped with a cold storage unit, analysed
and compared their thermodynamic performances, see Figure 2.10. Their results showed that
although the precooled Linde liquefaction cycle performed the best among the three Linde-
based LAES configurations, its exergy efficiency was still far below the other three Claude-
based LAES configurations. Among the three Claude-based liquefaction cycles, the Heylandt
process could achieve a higher exergy efficiency and lower specific power consumption at a
higher charging pressure (=12 MPa). However, the simple Claude process and the Kapitza

process presented approximately the same thermodynamic performances and showed a better
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performance in the standalone LAES system at a lower charging pressure. Morgan et al.
[39,48] refined the layout of the liquefaction cycle in the LAES system further, utilizing four
refrigeration expanders and arranging them in series as well as parallel in the cold box (Figure
2.11). They found an improved utilization efficiency of the available cold up to 91%, leading

to a round trip efficiency of 57%.

The above discussion shows that the standalone LAES system with Claude or modified
Claude liquefaction cycles gives a better thermodynamic performance (low specific power
consumption for charging and high round trip efficiency) than that with Linde liquefaction
cycles. However, the Claude-based LAES systems incur a higher initial investment and
maintenance cost than the Linde-based LAES systems. Besides, the introduction of expanders
can increase system control difficulties and decrease operation flexibility. Therefore, a
balance needs to be stricken between the improvement of the round trip efficiency, the cost

effectiveness, and the complexity of the system.
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Figure 2.10 Overall configuration of standalone LAES with “black box” liquefaction block

[31].
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Cold Slore

Figure 2.11 Layout of the cold box with four expanders [39].

Power recovery There are also studies focusing on the impact of power recovery unit
configurations on the thermodynamic performance of the LAES. Hamdy et al. [49] analysed
the performance of the LAES system with two different power recovery processes (i.e., cold
exergy extracting methods). One is the direct expansion of the liquid air for power generation
with the high-grade cold recycle for further air liquefaction use. The other one is the
combination of an indirect Rankine cycle driven by the high-grade cold of the liquid air and a
direct expansion cycle. The additional Rankine cycle could increase the specific power output
by 24% during discharging but decrease the liquid yield from 0.603 to 0.204 during charging.
As a result, the round trip efficiency of the LAES system with the Rankine cycle could only
reach ~16-32%, much lower than the direct expansion with the cold recovery process (40%).
A discharging process of the LAES system integrated with two fuel combustion chambers

was proposed by Antonelli et al. [50], as shown in Figure 2.12. Compared with the direct air
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expansion discharging process under ambient temperature, the equivalent round trip
efficiency could be increased from 18% to 76%. Antonelli et al. [50] also refined the
configuration of the discharging process to capture and utilize the cold energy released from
the liquid air evaporation process to drive an Organic Rankine Cycle (ORC) or an open
Brayton cycle. They found that the equivalent round trip efficiency could be increased to 77%
and 90%, respectively. Chino et al. [51] also proposed the use of fuel combustion to increase
the air inlet temperature of the gas turbine. The difference is that the high-temperature air at
the gas turbine outlet generates steam for additional power generation through a steam turbine.
In this way, the round trip efficiency of the LAES could exceed 70%. However, despite the
improvement of the round trip efficiency, the use of fuel combustion in the LAES system

increases the operation cost (additional fuel cost) as well as carbon emissions.
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Figure 2.12 Discharging process of LAES with fuel combustion process [50].
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Table 2.2 Summary of thermodynamic analysis of the standalone LAES - system configuration.

Air liquefaction cycle /charging

Specific power

Power recovery /discharging

Specific power

Round trip

Focus Ref. pressure/cold recovery ;(i)eli:ll/lsr?(ﬂ't:;el/ll)lg:sls(:lre pressure/heat source generation efficiency
Simple Linde, simple Claude,
[47]  Kapitza cycle/ 240-260bar, 38 Lo 07201, 0.71:072 - -
45bar /without cold recovery & ’
. . . . . 100
[35] Kgpnza, Collins cycle/ 40 bar / ~70% of Linde cycle / - / -- Direct expansion/200 bar/ compression .120A) of _
with cold recovery heat Linde cycle
; - _ 0.56, 0.42, 0.53 kWh/kg
Air [31] ii?f;eé l::rlz /Czogéegiérd/u;li tirsf)sl d Direct expansion/150 bar/ compression 0.13 kKWh/k 23.37%,
liquefaction recover;] 1; 0.337, 0.453, 0.288/1.03 heat . g 30.98%, 24.8%
ar
Simple Claude, Kapitza . . .
> g 0.264, 0.264, 0.2633 kWh/kg  Direct expansion/150 bar/ compression 46.9%, 46.9%,
[31] If;()y f;‘}tﬁfllig 19 dsri’zf)’fei;’ar’ /0.54, 0.54, 0.59/ 1.03 bar heat 0.13kWhikg 49 004
[39.48] 4-expapder Collins cycle/ 56.8 ~0.23 kWhikg / -- / 9 bar Direct expansion/190 bar/ compression . 579,
bar/ with cold recovery heat
. -- /0.603 with cold recovery Direct expansion, combined cycle (direct o
[49] giﬁfﬁf ct;(():l}(/iciz/cgig bar/ with and and 0.204-0.305 without cold  expansion+Rankine cycle) /150 bar, 33 g} ;2 igﬁﬁg’ ‘3‘2‘1‘(5) » 16.4-
vy recovery/1.0 bar bar/ compression heat ’ & e
Direct expansion with fuel combustion/ o
Power [50] -- 0.35 kWh/kg /-- /-- 200 bar/ fuel combustion 0.472 kWh/kg  76%
recovery Combined direct expansion with fuel 0.479. 0.864
[50] -- 0.35 kWh/kg /-- /-- combustion and Rankine cycle or k'Wh /i( ’ 77%, 90%
Brayton cycle / 200 bar / fuel combustion &
[51] Linde cycle/ 40 bar/ with cold /- /1.0 bar Direct expansion with fuel combustion + 73-87%

recovery

steam turbine /40 bar / fuel combustion
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2.2.1.2 Operating parameters

The thermodynamic performance of a standalone LAES system is also affected by the design
and operating parameters (e.g., charging pressure, discharging pressure, and storage pressure)

for a given system configuration.

Guizzi et al. [52] studied the effects of the charging pressure on the system performance
based on a standalone Linde-based LAES. Their results showed that increasing the charging
pressure within a certain range increased the liquid yield, the round trip efficiency and the
exergy efficiency. However, a maximum liquid yield existed with increasing charging
pressure, beyond which the liquid yield kept almost constant, and the round trip efficiency
started to reduce. In other words, when the discharging pressure is fixed, there is an optimal
charging pressure at which the round trip efficiency is maximum for the standalone LAES
system (54-55% at 18 MPa). Sciacovelli et al. arrived at the same conclusion regarding the

charging pressure based on a standalone Collins-based LAES (~50% at 18.5 MPa) [53].

The influence of the discharging pressure on the round trip efficiency was also analysed by
Sciacovelli et al. [53]. They showed that a higher discharging pressure gave a higher specific
power generation and a lower cold recovery from liquid air during discharging. The increase
in the power generation was found to be more important than that of the decrease in the cold
recovery, leading to an improved round trip efficiency. However, the benefit obtained from
the discharging pressure increase became very limited when the discharging pressure was
higher than a threshold value. Morgan et al. [39] obtained similar results for a standalone
Collins-based LAES, suggesting an optimal discharging pressure between 15-20MPa, beyond
which the round trip efficiency of the LAES remained almost unchanged. However, the
standalone Linde-based LAES system appears to give a different result. A reduction of the
round trip efficiency with an increase in the discharging pressure occurred when the

discharging pressure was higher than a certain level [54-56].

27



The liquid air storage pressure is also an important parameter for the LAES system.
Increasing the liquid air storage pressure could reduce the specific power consumption of the
charging process significantly [47,57] and improve the round trip efficiency [58,59]. With a
storage pressure of 4 MPa, the round trip efficiency could reach 64.7%, which is about 9%
higher than the LAES under the ambient storage pressure [59]. Furthermore, Peng et al. [60]
studied the effect of the temperature of the compressed air at the inlet of the cold box,
showing that the increase of the inlet temperature from 293K to 310K gave a decrease in the

liquid yield from 83% to 79%, and a reduced round trip efficiency.

One should note that all the thermodynamic analyses reviewed above were carried out under
the design conditions. Vecchi et al. [61] compared the thermodynamic performance of the
LAES under both design and off-design conditions, with the latter caused by part-load
discharging operations. Their results showed that a part-load operation had a strong effect on
the specific power output. When the load decreased from 100% of the rated power to 90%
and 50%, the specific power output decreased from 473 kJ/kg to 451 kJ/kg and 301 kJ/kg,
respectively, leading to the decrease of the instantaneous round trip efficiency of the LAES

from 48% to 44% and 31%, respectively.

2.2.1.3 Component/material

The performance of components (including turbomachinery, heat exchange equipment, and
storage) plays an essential role in the LAES system. The distribution of the exergy loss of the
components for a standalone Kapitza-based LAES system was studied by Lin et al. [58], and
the result is reproduced in Figure 2.13. It can be seen that the highest exergy loss is due to
compressor and turbine, followed by that of heat transfer in the condenser (cold box) and
evaporator, and the lowest exergy loss are from the cryo-pump and cryo-expander. Thus, a
high LAES system performance is linked to high efficiencies of compressors/turbines, and
low heat transfer exergy loss in air liquefaction and evaporation processes. Guo et al. [62]

compared the impacts of the efficiencies of compressors and turbines, and found that the
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electrical round trip efficiency of the LAES was more sensitive to the isentropic efficiency of
the turbine. Guizzi et al. [52] studied the effects of pressure drop in heat exchangers and the
pinch-point temperature difference on the LAES performance, and their results showed that a
1% increase in pressure drop and a 5K increase in the pinch-point temperature difference

could lead to a reduction of the round trip efficiency by 0.9% and 2.2%, respectively.
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Figure 2.13 Distribution of exergy loss in the standalone LAES [58].

She et al. [63] investigated the influences of the storage exergy efficiency (liquid air storage,
cold storage and compression heat storage) on the round trip efficiency of the standalone
LAES equipped with the cold energy storage unit. Their results showed that the storage
exergy efficiencies of the liquid air tank and the high-grade cold energy storage played a
critical role in the round trip efficiency, and the thermal insulation for these two components

must be taken seriously.

The high-grade cold storage performance is crucial to the overall LAES system performance,
which has been studied in the literature. Packed bed is one of the most studied cold storage
methods due to low cost and high reliability for practical applications (see Figure 2.14). Such
packed-bed storage unit is charged and discharged periodically and synchronous to the overall
storage system operation. Because the heat exchange process (both charging and discharging)

in the packed bed presents very strong time-dependent behaviour, which deeply affects the
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overall LAES system performance, dynamic analysis is needed to understand the dynamic

characteristics.

Based on heat transfer governing equations derived from energy conservation and Fourier’s
law, a one-dimensional differential energy balances can be established (Equation (2.1) and
(2.2)). They can be solved for temperature distribution of air (gas phase, Tr) and packed bed

(solid phase, T5) through coupling with mass and momentum balance equations [53,64,65]:

oT. oT. 0O oT.
gpfcpfa—tf*gpfcpfva—;:a(‘fa—zf)”sﬁv“?‘Tf> &0
or o, éT
{(1-¢)pC,} S =5(ﬂs az}hsf,v(z;—z;)—ﬂv(z—zs) 22)

In Equation (2.1) and (2.2), the subscripts f and s represent respectively the gas (air) and solid
phases; p is the density; C,is the specific heat capacity; ¢ is the void fraction; 4 is the thermal
conductivity; /sy is the volumetric convective heat transfer coefficient; £, is the overall

volumetric convective heat between vessel and environment; and v is the axial air velocity

inside packed bed.
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Figure 2.14 Schematic diagrams of (a) a LAES system integrated with a packed bed cold

store; (b) discharging cycle; (¢) charging cycle.

The cycle performance of the packed bed and its impact on the overall LAES system were
studied, and the temperature profiles along the packed bed over 30 discharge and charging
cycles of a standalone LAES system obtained by Sciacovelli et al. [53] are shown in Figure
2.15. It can be seen that the temperature stratification rapidly degenerates over cycles because
the axial conduction (and dispersion) expands along the bed length with the
charging/discharging cycles of the LAES system. The degeneration of the temperature
stratification results in the decline of the specific power consumption for the charging process
and the rise of the round trip efficiency from cycle to cycle, which finally stabilizes after
about 20 cycles due to the establishment of the steady-state temperature profile in the packed
bed. After 20-30 cycles, the packed bed storage unit reaches steady periodic behaviour, all
charging and discharging processes run almost identically. Legrand et al. [66] investigated the
dynamic behaviour of a packed bed in a LAES under periodic conditions, and they indicated
that within one stabilized charging cycle, approximately 75% of the charging process could
work under the design condition, beyond which the stored cold has been almost used up,
leading to a dramatical decrease in the liquid yield. Lin et al. [58] proposed the use of a
cascaded packed bed cryogenic storage, one for low to ambient temperature and the other for

low to middle temperature, to reduce the exergy loss. Their results showed an optimal middle

temperature between -80 °C and -60 °C, which could maximize the round trip efficiency of
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the standalone LAES. Hiittermann et al. [67] defined a storage efficiency representing the
usable share of the total thermal capacity of the packed bed storage. Nine different storage
materials for the high-grade cold storage packed bed were compared by computational
simulations. Polypropylene, polyethylene, sodium chloride and quartz were found to give the

high storage efficiency, good feasibility, and low costs, and were therefore recommended.
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Figure 2.15 Packed bed temperature profiles after (a) LAES discharging and (b) LAES

charging for different cycles [53].

2.2.2 Configuration and optimization of the standalone LAES system

Based on the baseline LAES system (basic air liquefaction cycle + basic power recovery
cycle from cryogenic exergy), efforts have been made to improve the round trip efficiency

and to develop more functions through optimizing the system configuration.

2.2.2.1 Utilization of surplus compression heat for additional power generation

She et al. [54] studied the efficiency enhancement of the LAES and found as much as 40% of
the excess compression heat at ~180 °C when a three-stage expansion process is employed.
This part of excess heat can be fully utilized if the stages of the expansion are increased to
five, which could give an enhancement of the round trip efficiency by about 5-7%. This is

clearly not very attractive due to costs. As a result, the excess heat was proposed to generate
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additional electricity by driving an ORC (as shown in Figure 2.16), which could improve the

round trip efficiency by ~12%.
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Figure 2.16 A schematic diagram of the standalone LAES system with ORC for excess heat

utilization [54].

Since then, several studies were published on the use of excess compression heat for power
generation and efficiency enhancement. Peng et al. [55] proposed the use of the excess
compression heat to produce cold energy by an absorption refrigeration cycle for use as a
low-temperature cold source for improving power generation efficiency of ORC (denoted as
LAES-ORC-ARC, as shown in Figure 2.17 (a)). In this way, an increment of 13% in the
round trip efficiency could be achieved, which is lower than 18% achieved by the ORC with
the cooling water as the cold source (denoted as LAES-ORC, as shown in Figure 2.17 (b)).
Zhang et al. [68,69] compared ORC and Kalina Cycle in the standalone LAES for surplus
compression heat utilization. The subcritical ORC with dry fluid as the working fluid was
recommended due to higher round trip efficiency (~57%), simpler configuration, and lower
operating pressure. Liu et al. [70] proposed a configuration of the LAES, with thermoelectric
generators (TEG) installed for power generation using the excess compression heat as the hot

source. Their round trip efficiency of the LAES system integrated with TEG could be
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improved by about 1%-4.5%. Compared with Kalian cycle or ORC, the TEG showed a lower

power generation but a shorter payback period of 3 years.
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Figure 2.17 Schematic diagrams of the ORC with (a) absorption refrigeration cycle, and (b)

cooling water as low-temperature cold sources in the LAES [55].
2.2.2.2 Multi-functional LAES (combined power, heat, and cooling supply)

The other optimization based on the baseline LAES has mainly focused on developing multi-
energy-vector services using the standalone LAES: the provision of by-products (heat and/or
cold) to users. In this way, an equivalent electricity production of different commodities needs

to be taken into account for the round trip efficiency (yrre) calculation [71]:

Ocooting | O
W ) + cooling + heat
" COP. COP, (23)

Wa

Nrre™

where We, is the electricity consumption during charging; Wais is the electricity generation

during discharging; Qcooling and Qcooling are the cooling capacity and heating capacity that the

34



LAES can produce, respectively; COP. and COPy are the cooling and heating performances

of the general ways to obtain cooling and heating, respectively.

Combined heat and power supply Guo et al. [62] found that the thermal oil temperature
(compression heat storage medium) is still high enough to produce domestic hot water after
superheating the air at the inlet of the turbine. In this way, the round trip efficiency of the

standalone LAES could be improved from about 46% to 60%.

Combined cooling and power supply Tafone et al. [72-74] proposed a cogenerative
configuration of the LAES system by controlling the turbine outlet temperature at 5 °C for
cooling supply, giving a round trip efficiency of ~40%. The round trip efficiency could be
further improved to about 48% if an ORC is adopted to recover the excess compression heat

for power generation (as shown in Figure 2.18 (a)).

Combined heating, cooling and power supply Tafone et al. [75] further improved the
standalone LAES to a trigenerative configuration, as shown in Figure 2.18 (b), in which the
excess compression heat is utilized in series to drive an ORC as well as an absorption chiller
for additional power and cooling output. Besides, the remaining low-grade waste heat is
further used for the provision of domestic hot water. In this way, the overall round trip
efficiency could reach 55.72%. Al-Zareer et al. [76] investigated the integration of the LAES
with a solid-gas sorption cycle driven by the compression heat for cooling supply. The
remaining compression heat is used for heating supply directly. They found an overall exergy
efficiency of 53.7% when the cooling product was provided at 0°C. Gao et al. [77] also
proposed a trigeneration LAES system for combined cooling, hot water, and power supply, as
shown in Figure 2.19. The compression heat is used both in series and parallel to drive an
absorption refrigeration unit, superheat the air at the inlet of turbines, and produce hot water
in a heater. This system could regulate the output of power, cooling, and hot water to adapt to

different energy demands in different seasons by the flexible distribution of the compression
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heat. They obtained a round trip efficiency as high as 55.4% and 54.7%

summer mode, respectively.
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Figure 2.18 Schematic diagrams of (a) cogenerative and (b) trigenerative configurations of

the discharging cycle of the standalone LAES [74,75].

e —— ——————

Figure 2.19 Schematic diagrams of the discharging cycle of the standalone LAES for

trigeneration: (I) in summer, and (IT) in winter, spring, and autumn [77].

Summary The above review of the multi-functional LAES systems indicates that the

provision of heating can always be realized by the use of compression heat. However, the

provision of cooling uses two common methods: one by regulating the air temperature before

expansion to obtain a low-temperature air at the outlet of the turbine for cooling supply; the
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other by using the excess compression heat to drive an absorption refrigeration unit for
cooling supply. The second way is more flexible than the first one because the cooling supply
part is relatively independent of the power supply part, making the cooling capacity more

easily adjustable and controllable.

Besides, from the review one can also see that little work has been done so far on the
performance of the standalone LAES over a wide range of charging pressures across both
subcritical and supercritical regions. This is because the standalone LAES for power supply
only performs better at a high charging pressure. However, the standalone LAES produces a
large amount of excess heat, especially at low charging pressures. The excess heat can be
valuable for the multi-functional LAES to supply thermal products. In such a scenario, the
comprehensive performance of the multi-functional LAES, especially at low charging

pressures, needs to be assessed. Part of this Ph.D. work is to fill this gap.

2.3 Integrated LAES system

The LAES is a very flexible energy storage system that can be integrated with external
thermal energy sources (either or both of heat and cold energy sources) and other industrial

processes, e.g., Air Separation Unit (ASU), for performance enhancement.

2.3.1 LAES integrated with external cold sources

The charging process of the LAES can use external cold energy to improve the liquid air yield,

which, as a result, has been widely studied.

Liquefying Natural Gas (NG) is the most energy-intensive step in the Liquefied Natural Gas
(LNG) production chain [78]. The process consumes electricity to drive a refrigeration cycle
for liquifying NG. When LNG is used, it needs to be heated by a heat source, such as
seawater and/or via burning NG, for the regasification. This leads to a large amount of cold
energy in LNG wasted if no recovery step is used during the regasification process. This calls

for a cost-effective way to recover and reuse such high-grade cold energy. Thus, great efforts
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have been made on using the LAES for cold energy recovery of LNG in recent years, as

summarized in Table 2.3.

2.3.1.1 LNG for performance improvement of the air liquefaction process in LAES

LNG for refrigeration in LAES cold box Zhang et al. [79] studied the recovery of cold
energy of LNG to cool down the compressed air directly. External heat was also introduced
for power generation enhancement. These gave a round trip efficiency of ~70.5%. A similar
method to recover the cold energy of LNG for the LAES system but without any external heat

was studied by Li et al. [80], who obtained a round trip efficiency of ~60%.

Peng et al. [81] proposed a more flexible system design, denoted as LAES-LNG-CS, with the
cold energy released during the regasification process of LNG captured and stored in the
cryogenic energy storage unit of the LAES. Such additional stored cold energy could be
reutilized in the LAES charging process to produce more cooling load in the cold box, leading
to an increased liquid yield. The advantage of this LAES-LNG-CS system is that a cold
storage is used to link the LAES side and the LNG side, making the LNG regasification
process independent of the LAES system. In this way, the round trip efficiency of the LAES-
LNG-CS system could reach ~88%. Kim et al. [82] also used a cryogenic energy storage tank
to recover and store the cold energy of LNG for air liquefaction use. After such a cold
recovery process, the ambient-temperature NG is used as the fuel in the LAES discharging

process to combust with air for power generation, achieving a round trip efficiency of 64.2%.

Park et al. [83] proposed an integration method (denoted as MCES), which can be regarded as
a combination of the systems proposed in [79] and [81]. The cold energy released from the
LNG evaporation process is stored in a cryogenic storage unit, but only during the peak time.
In the off-peak time, the compressed air is liquified by two cold sources: one is the stored
cold energy at peak time, and the other is the direct heat exchange with LNG. They showed
that the proposed MCES could obtain a round trip efficiency of 85.1%. Park et al. [84,85]

proposed further to integrate the LAES system with the LNG regasification power plant
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(called LPCES). The LPCES system has three different working modes corresponding to
different working hours, as shown in Figure 2.20. During the off-peak period, the LAES is
charged, whilst the LNG is introduced to the cold box of the LAES system to cool down and
liquify the compressed air directly. During the peak period, the LNG is introduced to a
standard regasification power unit for power generation, and the LAES is discharged. During
the flat period, the LAES system is switched off, and the LNG is used to drive the standard
regasification power unit. A very high round trip efficiency of 95.2% was achieved, although
the regasification power unit needs to start and stop frequently, which is difficult for practical

operations.
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Figure 2.20 Working principle of LPCES system [84,85].

LNG for refrigeration in LAES interstage coolers In the methods reviewed above [79-85],
the cold energy recovered from the LNG regasification process is finally used to cool down
and liquify the air that has been already compressed to a high pressure by multi-stage
compressors (i.e., providing the cooling load for the cold box in the air liquefaction cycle).
Such LNG cold energy can also be used in a different way. Park et al. [86] proposed a new
method to utilize the cold energy of LNG in LAES system. In their method, the cold energy
of LNG is used as a cooling load for interstage coolers of multi-stage compressors. This was

shown to reduce the power consumption for air compression significantly (as shown in Figure
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2.21). A cascade utilization method of the cryogenic energy of the LNG was proposed by Qi
et al., which uses the LNG cold energy as both the cooling load in the cold box and interstage
coolers in series [87]. In this way, the round trip efficiency of the LAES could reach 129.2%

(assuming LNG cold is free).
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compressors in the LAES [86].

LNG for refrigeration and compression in LAES In all the methods mentioned above to
integrate the LAES with LNG, only the thermal component for the LNG cold energy is
recovered and reused in the LAES, providing cooling load for the air liquefaction process.
The mechanical (pressure) component for the LNG cold energy is usually used for power
generation through direct expansion. A novel system design (denoted as LNG-CES, as shown
in Figure 2.22 (a)) was proposed by Lee et al. [88], in which both the thermal component and
the mechanical component [89] of the LNG cold energy were considered for driving the
charging process of the LAES system for liquid air production. In this way, no more external
electricity would be needed for the air compression process. Because the temperature of the
LNG after heat exchange with air would be still very low in the LNG-CES system, an ORC

was proposed for recovering the remaining cold energy from LNG, as shown in Figure 2.22
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(b) (called as LNG-ORC-LAES) [90]. The overall round trip efficiencies of the LNG-CES
and the LNG-ORC-LAES were found to be as high as 105.64% and 122.82%, respectively.
To make this conceptual design of LNG-CES more industrially feasible, Lee et al. [91]
applied more practical components in the LNG-CES system, such as the expansion valve and
vapour-liquid separator, which improved the practicability of the proposed systems. He et al.
[92] used a similar method to recovery the cold energy of LNG by LAES termed as LNG-
ORC-LAES in [90]. The difference lied in that an additional ORC was proposed in the LAES
discharging process to obtain high power generation, leading to an increase in the round trip

efficiency to 141.88%.
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Figure 2.22 Conceptual design for (a) LNG-CES and (b) LNG-ORC-LAES [90].
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Summary The literature review above (summarized in Table 2.3) shows that all the research
on the utilization of LNG for the performance improvement of the air liquefaction process of

the LAES can be divided into four sub-groups, as illustrated in Figure 2.23.

In Group I, the high-grade cold energy of the liquid air released from the LAES discharging
process still needs to be captured, stored, and reused to provide the cooling load for air
liquefaction. The thermal component of the LNG cold energy only provides some extra
cooling load to the LAES charging process, leading to improved liquid yield and reduced
power consumption of the air compression, and hence an increased round trip efficiency. The
mechanical component of the LNG is used for direct power generation or goes to waste. Thus,
most of the configurations of the LAES system in Group I keep the baseline LAES design
(basic air liquefaction cycle + basic power recovery cycles from cryogenic exergy), with

minor modifications to the layout of the cold box.

For Groups II and 1V, the thermal component of the LNG cold energy is the only cooling load
in the LAES to liquify the air liquefaction, which means there is no recycling process of the
high-grade cold energy of the liquid air in the LAES. To ensure the liquid yield as high as
possible, the liquid air storage pressure in these integrated systems is set to be higher than 1.8
MPa, at which the liquefaction temperature of the air (>116 K) is higher than the LNG
temperature. The difference between Group Il and IV lies in the way the mechanical
component of the LNG cold energy is used: Group II uses the same way as Group I, while
Group IV transfers the shaft work generated by the mechanical component of the LNG to the
compressors of the LAES. Therefore, the configurations of the air liquefaction cycles in
Groups II and IV need to be redesigned according to their respective situations, most of which

are quite different from the baseline LAES.
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Figure 2.23 Categorization of the methods to integrate the LNG regasification process with

the air liquefaction process of the LAES.

2.3.1.2 LNG for performance improvement of the power recovery process in LAES

As mentioned in Section 2.2.2, up to ~40% of the compression heat at ~180 °C is not be
effectively used in the discharging process when a three-stage expansion process is employed
[54]. She et al. [93] proposed a Brayton Cycle for power generation, using nitrogen as the
working fluid, the excess compression heat as the hot source and the LNG as the cold source
(denoted as LAES-Brayton-LNG). In this way, the total amount of power generation of the
LAES can be significantly enhanced, and the round-trip efficiency can be further improved to
72%, which is much better than that using the excess compression heat alone for power
generation as introduced in Section 2.2.2. The most significant advantage of the LAES-
Brayton-LNG system is that there is no change of the current configurations of the baseline
LAES system and the LNG regasification process, making it technically feasible and easily

applied widely. The research [93], however, mainly focused on the thermodynamic analysis

43



of the overall system, with little work on optimizing the newly proposed Brayton Cycle, the

core of this LAES-Brayton-LNG system.
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Table 2.3 Summary of the integration methods between the LNG regasification process and the LAES.

Focus/Ref.

LNG regasification working mode

LAES working mode

Liquid air
storage pressure

Round trip efficiency (1zrE)

(definition and result)

Exergy efficiency (#x)

(definition and result)

Air liquefaction-Group
1[79]

Air liquefaction-Group
1[80]

Air liquefaction-Group
1[81]

Air liquefaction-Group
1[82]

Off-peak: LNG for direct refrigeration in
LAES cold box

Peak+flat: no description

Off-peak: LNG for direct refrigeration in
LAES cold box +power generation

Peak+flat: no description

Off-peak: LNG with CES + power
generation

Peak: LNG with CES + power generation

Off-peak: not working

Peak-time: LNG with CES + power
generation

Off-peak: air liquefaction (charging)
with LNG and CES as cold load

Peak: power recovery (discharging)
with TES and external heat for air
heating + CES

Off-peak: air liquefaction (charging)
with LNG and CES as cold load

Peak: power recovery (discharging)
with TES for air heating + CES

Off-peak: air liquefaction (charging)
with CES as cold load

Peak: power recovery (discharging)
with TES for air heating + CES

Off-peak: air liquefaction (charging)
with CES as cold load

Peak: power recovery (discharging)
with fuel combustion + CES

0.2 MPa

0.1-0.2 MPa

0.1 MPa

0.2 MPa

Nere=—2270.5%
ch
I/Vdis
Nerg=———,——60.1%
Wch ~ "VLNGoff
w. +W
77RTE= dis LNG,peak 88%
Wch ~ "V LNG,off
Mg = ———2—— 64.2%
Wch +LH VLNG

n.= I/V:iis
- I/Vch + (Ex[n - Exout)

50.73%
/

— I/Vdis
nex W;h + (Exin - Exaut)
64%

_ Was
nex VVch + (Exm - Ex (mt)
62.1%
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Air liquefaction-Group
11 [83]

Air liquefaction-Group
11 [84,85]

Air liquefaction-Group
11 [86]

Air liquefaction-Group
1[87]

Off-peak: LNG for direct refrigeration in
LAES cold box

Peak: LNG with CES

Off-peak: LNG for direct refrigeration in
LAES cold box

Peak+flat: LNG without being integrated
with LAES + power generation

Off-peak: LNG for direct refrigeration in
LAES interstage coolers + power
generation

Peak: LNG with CES + power generation

Off-peak: LNG for direct refrigeration in
LAES interstage coolers and cold box +
power generation

Peak: LNG without being integrated with
LAES + power generation

Off-peak: air liquefaction (charging)
with LNG and CES as cold load

Peak: power recovery (discharging)
with external heat for air heating

Off-peak: air liquefaction (charging)
with LNG as cold load

Peak: power recovery (discharging)
with external heat for air heating

Off-peak: air liquefaction (charging)
with LNG and CES as cold load

Peak: power recovery (discharging) at

ambient temperature

Off-peak: air liquefaction (charging)
with LNG as cold load

Peak: power recovery (discharging) at

ambient temperature + CES

3.7 MPa

~2.5 MPa

3.7 MPa

0.15 MPa

__"Tdis
Nrre=

85.1%
ch

W, +WLNG,peak - WLNG,ﬂat

_ "hdis
Nrre™ W,
95.2%
w. +W
77RTE= dis LNG,peak 187.4%
Wch ~ "V LNG,off
Nere=—2129.2%

ch

_ Was
nex VVch + (Exm - Ex (mt)
56.7% (~)
/
.= Was T Wing + EXou
- Wy + Ex,,
75.1%
— I/Vdis
nex I/Vch + (Exin - Exout)
57.8% (~)
n.= I/I/:iis
- I/Vch + (Exin - Exout)
35% (~)
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Off-peak: air liquefaction (charging)

_ Wdis - WLNG,off

n.= I/Vdis + Exout
v W, +Ex,

Offpeak: LNG for direct refrigeration in {2y 5 46 cold load and shaft work 4 21 MPa - Trre =0 68.6% [88], 70.3% [90],
o . LAES interstage coolers + shaft work for . [88,90] ch o
Air liquefaction-Group . for compression 68.12% [91]
IV [88.90.91] compression in LAES
I ) . . 3.6 > 1.8 MPa  105.64% [88], 122.82% [90]
) . Peak: power recovery (discharging) at w.
Peak: not working ambient temperature [91] .= dis
€x
135.98 [91] W, +(Ex, —Ex,,)
38% [88] (~), 43% [90] (~)
— I/Vclis + Exout
Off-peak: air liquefaction (charging) No=— —— 713.9%
Off-peak: LNG for direct refrigeration in ~ with LNG as cold load and shaft work VV;h + Exin
. . LAES interstage coolers + shaft work for  for compression wW. —W
ﬁ;r[ls%lefactlon—Group compression in LAES 4.4 —21 MPa Mrre™ = O 141.88% Wi
Peak: power recovery (discharging ch [/
Peak: not working with additional ORC) at ambient VVch + (Exin - Exout)
temperature
47% (~)
Off-peak: air liquefaction (charging)
Off-peak: LNG with CES + power with CES as cold load W Wiis + WBmym
generation —_ dis Brayton . NNex™
Power recovery [93] Peak: power recovery (discharging) 0.1 MPa "Trte W 72% W, +(Ex, —Ex,,)
Peak: LNG with CES + power generation with TES for air heating + Brayton h 57%

cycle driven by TES and CES + CES

*CES - cryogenic energy storage; TES - heat energy storage (compression heat storage); (~) - recalculated by author.
*Equations: Ex - external cold and heat sources exergy; LHV - low heating value; WinG - Power generation by LNG; W - Power consumption or generation;

*Subscripts: ch - charging process; dis - discharging process; off - off peak time; peak - peak time; flat - flat time;
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2.3.2 LAES integrated with external heat sources

The discharging process of the LAES can be enhanced by using heat input. Consequently, the
integration of standalone LAES with different external heat sources has been studied

extensively.

Heat from power plants To increase the capacity of nuclear power plants for load shifting,
the integration of the LAES with the nuclear power plant (denoted as NPP-CES) was
proposed by Li et al. [94]. It has three working modes corresponding to different periods.
During the flat time, the nuclear power plant works at its rated power. During the off-peak
time, although the electricity demand is lower than the rated power of the nuclear power plant,
the nuclear power plant still works as normal with part of the power output used to drive the
charging process of the LAES. Then, during peak time, the nuclear power plant and the
discharging process of the LAES work together for power supply to meet the peak electricity
demand. Apart from the electrical integrated, the secondary loop from the nuclear power plant
is integrated with the LAES for superheating the air before expansion, providing an avenue to
increase the power output of the LAES. As a result, the round trip efficiency of the LAES
could be improved to 71%. The power generation of the NPP-CES at the peak time was found
to be as high as 2.7 times that of the nuclear power plant rated power. Analogously, Cetin et
al. [95] proposed to use the LAES to help single flash geothermal power plants with load
shifting. In return, the waste geothermal water is utilized to increase the air temperature in the
LAES discharging process, resulting in a round trip efficiency of 46.7%. Cetin et al. [96]
further proposed to integrate the LAES with binary geothermal power plants, in which the
high-grade cold energy storage is removed from the LAES. Thus, during LAES discharging
process, the cryogenic energy released from the liquid evaporation is recovered and used for
power generation through a cryogenic ORC with the waste geothermal water as the heat
source. The ORC has a thermal efficiency of 35.5%, whereas the LAES system gives a round

trip efficiency of 28.4%.
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Heat from solar thermal collectors Ji et al. [97] the use of the heat collected from a solar
thermal collector as the heat source for air superheating during the LAES discharging process.
The compression heat recovered from the LAES charging process was proposed for the hot
water supply. Their round trip efficiency (without considering hot water) was 45.7%.
Additionally, some 205-ton hot water (60 °C) could be provided by this integrated LAES
(storage capacity: 3.9 MWh) per day. Ebrahimi et al. [98] proposed the use of thermal oil to
store the heat from a parabolic trough collector, which is then used as the heat source in the
LAES discharging process. The compression heat generated during the LAES charging
process was proposed to store in a phase change material. The stored heat was used to drive a
Kalina-based cogeneration cycle for combined power and cooling supply during peak times.

The electrical round trip efficiency of this integrated system was found to be as high as ~58%.

Heat from Joule heating Nabat et al. [99] proposed an integration of a high-temperature
thermal energy storage (by means of concrete) with the LAES system to store the heat
produced by electrical coils with off-peak electricity. The stored Joule heat (1300 °C) was
proposed for use in the LAES discharging process to superheat air before expansion. The heat
from the turbine exhaust air (still at high temperature), together with the compression heat
was used to drive an additional ORC for power generation. The remaining compression heat
from the system was further utilized for additional electricity supply through a thermoelectric
generator (TEG). These gave a round trip efficiency of 61%. Wu et al. [100] suggested the
use of a thermochemical energy storage (Co3;04/Co0O, 850-950 °C) for Joule heat storage.
During peak times, the stored heat was used in the LAES discharging process for air
superheating. They obtained a round trip efficiency of 47% without the use of compression

heat.

2.3.3 LAES integrated with other industrial processes

Integrated with Air Separation Unit (ASU) Li et al. [101,102] considered the use of ASU to

produce gaseous/liquid oxygen and liquid nitrogen during the off-peak time. For the oxygen
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flow, the gaseous oxygen combusted with a fuel gas to drive a gas turbine [101], or the liquid
oxygen was pressurized, heated and expanded to drive a high-pressure turbine, after which, it
combusted with a fuel gas to drive a gas turbine [102]. As for the nitrogen flow, the liquid
nitrogen was pumped and heated first and then expanded in a two-stage turbine for power
generation. In the meantime, the carbon dioxide in the exhaust of the gas turbine is separated
and condensed by the cold recovered from the liquid nitrogen, realizing carbon capture
without additional energy input. The principle diagram is shown in Figure 2.24, and the

overall exergy efficiency of this proposed system is about 64-70%.
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Figure 2.24 Principle diagram of the overall system of LAES integrated with ASU [102].

Pacheco et al. [103] proposed a very similar method to Li et al. [101,102]: oxygen and liquid
nitrogen produced by the ASU are utilized for power generation through coal combustion and
direct expansion, respectively. Pacheco et al. [103] built a complete model instead of a black
box model in [101,102] to simulate the whole air separation process, as shown in Figure 2.25.
Thus, the working process of the ASU to produce liquid nitrogen could be studied: the
gaseous nitrogen product from the ASU needs to consume extra electricity for compression to
a high pressure, before feeding to the main heat exchangers of ASU for liquefaction to give
the liquid nitrogen. This process is regarded as the charging process of the LAES. As a result,

their round trip efficiency of the LAES in this integrated system is only about 19.22%.
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Figure 2.25 Integration of ASU with LAES charging process [103].

Wang et al. [104] investigated another way to integrate the ASU with the LAES, as illustrated
in Figure 2.26. The conventional/baseline configurations of ASU and LAES are employed,
and only the nitrogen flow was used as a bridge for their integration. The ASU side was
suggested to work for the whole day to produce high-purity oxygen (99.99 mol%) and
gaseous crude nitrogen (95.45 mol%). For the LAES side, the charging process of the LAES
was proposed to work only at off-peak time, using the gaseous nitrogen from ASU as the
working medium. During peak time, the discharging process of the LAES operates, as usual,
generating electricity and releasing the gaseous nitrogen. This part of exhaust nitrogen is
heated by the compression heat before introduced back to the ASU for the adsorber (air
cleaning unit) regeneration. The round trip efficiency of this hybrid system was found to be
around 39%, considerably lower than that of the baseline LAES. However, the payback
period of this hybrid system (10 MW/80 MWh, including ASU) could be as short as three
years, due to the additional revenue from the pure oxygen supply (as commodity) and heating

supply (excess compression heat).
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Figure 2.26 Schematic diagram of the LAES system integrated with ASU [104].

He et al. [105] proposed another way to integrate the ASU with the LAES system (denoted as

ASU-ESG), in which the working capacity of the compression, cooling, purification

equipment in the ASU side is shared with the LAES system without affecting the normal

operation of the ASU, as illustrated in Figure 2.27. The ASU always works within 70-105%

of the design load. Thus, when the gas load demand of the ASU is lower than 105%, the

remaining load of the air compressors and cooling is occupied by the LAES for the charging

process. During the LAES discharging process, the evaporation process of the liquid air

occurs in the main heat exchanger of the ASU, providing additional cooling load to the ASU.

Their results showed that the round trip efficiency of this combined system could increase

from 46% to 65% when the gas load demand of the ASU increases from 70%-100%. The

payback period of this LAES system (excluding ASU) was shown to be around 3-4 years.
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Figure 2.27 Flowsheet of the ASU-ESG system [105].

Integrated with other energy storage systems Kantharaj [106,107] explored the integration of
a LAES system with a Compressed Air Energy Storage (CAES) system, with the liquid air as
a backup of the CAES to save the storage space for high-pressure air. When the compressed
air tank is almost full, some stored compressed air is liquefied. During peak time, the liquid
air converts back to compressed air. The efficiencies of the forward and reverse conversions
are 63% and 67%, respectively. Farres-Antunez [108] investigated the integration of LAES
and a Pumped Thermal Energy Storage (PTES) system, as shown in Figure 2.28. The PTES
provides the cooling load to the LAES for air liquefaction during the charging process. In
return, the cold energy released from liquid air evaporation during the discharging process is
used as the cooling load for PTES. The round trip efficiency of this hybrid storage system
(~60%) is very close to that of the standalone LAES and PTES, but the energy density is
improved significantly because the high-grade cold energy storage unit could be removed

from this hybrid storage system.
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Figure 2.28 Layout of the combined system of LAES and PTES [108].

2.4 Decoupled LAES system

The volumetric energy density of liquid air is around 60-120 Wh/L which is much higher than
that of the compressed air (0.5-1.5 Wh/L) [37]. Although it has an order of magnitude lower
energy density than hydrogen (500-3000 Wh/L depending on the storage methods [37]), the
liquid air can be stored at ambient pressure without the risk of flammability. Besides, liquid
air can be transported easily with the current infrastructure. As a result, one can produce
liquid air on site with offshore or onshore renewable energy [24,109], and transport the liquid
air to end-user sites for electricity and cooling supply [25,110]. As the air charging and
discharging processes operate in different locations, it is often referred to decoupled LAES.
The decoupled LAES system has a good prospect because of its environmental friendliness
and high flexibility. It is especially attractive when the end users have no access to the
national grid infrastructures. The literature work on the decoupled LAES system is very
limited, and the reported studies can be divided according to three application areas. The first
is the use of liquid air as a fuel for transport (i.e., cryogenic engines); the second is to provide

cooling and electricity for buildings; and the third is to integrate with other industrial
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processes. A brief literature survey on the decoupled LAES is given in the following; see also

Table 2.4 for a summary.

The decoupled LAES for transport Liquid air/nitrogen is able to provide power for vehicles
through a cryogenic engine, thus the potential for contributing to zero-emission transport
[111]. The first of such an attempt can be dated back to 1900 when Tripler Liquid Air
Company developed the first prototype [112]. A more efficient cryogenic engine with
isothermal expansion was built and fitted to a small car around 2001 by Peter Dearman, who
claimed that the car ran at a speed of around 30 mph on a non-public road. The engine is often
referred to as Dearman Engine and the technology development of the cryogenic engine was
initially done by Highview Enterprises Ltd in collaboration with university of Leeds [113—
115]. This led to the establishment of Dearman Engine Company around 2012. The company
made a considerable effort to commercialise the technology, particularly for transport
refrigeration applications [116,117]. However, there is a long way to go for the liquid
air/nitrogen vehicles to be applied due to both technical and economic issues. This is mainly
because of the small scale operations and ineffective cryogenic energy recovery from liquid

air/nitrogen.

The decoupled LAES for buildings The decoupled LAES system considered to be more
promising for applications in the building sector than the transport sector, mainly due to the
system scale. It is very common to recover the cryogenic energy during liquid air/nitrogen
evaporation through either direct cooling or power generation with Rankine/Brayton cycles
[118,119]. The direct cooling is an exergy destructive process as the heat transfer temperature
difference is huge (around 200 °C), while the power generation with Rankine/Brayton cycles
incurs a high capital cost. These call for a more efficient way to recover the cryogenic energy

and hence presents a research gap.

The integration of decoupled LAES with industrial processes Several studies on the

integration of decoupled LAES with industrial processes, aimed to make better use of the
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cryogenic energy in the decoupled LAES. Li et al. [120] proposed the integration of the
discharging process of the decoupled LAES with a solar thermal power plant. The closed
Brayton cycle in the solar thermal power plant and the direct expansion cycle in the LAES are
combined to improve the efficiency: the cryogenic energy of the liquid air is used to cool
down the gas before compression in the closed Brayton cycle, and the solar heat energy is
used to heat up the gas before expansion in both the direct expansion and closed Brayton
cycles. The integrated system could deliver 30% more power output than the sum of two
separate systems. Park et al. [121] proposed the use of liquid air as a cold energy carrier in a
complete LNG supply chain. In the LNG regasification stage, the air liquefaction process of
the LAES works to produce liquid air by utilizing the cold energy of LNG. The liquid air is
then shipped back to the Natural Gas (NG) liquefaction site, providing cooling load to liquify
the NG and generating electricity. Besides LNG, Rehman et al. [122] proposed the recovery
of the cryogenic energy of the decouple LAES for biomethane liquefaction and power

generation in a liquefied biomethane plant.
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Table 2.4 Main developments of the decoupled LAES systems

System types Main features Main conclusions Ref.
Decoupled Liquid nitrogen as energy carrier to drive cryogenic engines T.h © 11qu1d. nitrogen truck  can .obtam positive Income wheno the liquid
] for both hanical power and coolin 17 on vehicl nitrogen utilization factor and diesel price are higher than 83% and 1.08 [117]
Transportation or both mechanical powe cooling supply on vehicles USDVkg, respectively.
Decoupled Liquid air as energy carrier (o drive direct expansion cycle COP and recovery efficiency of this supply chain are 0.56 and 32%,
o for electricity and cooling supply to cold storage room (- vel [118]
Building 29 °C) respectively.
Decoupled Liquid .alr/mtroger% as_energy cartier to drive Varous — combined cycle (cascade Rankine cycles + direct expansion) is suggested,
cryogenic cycles with different configurations for electricity | eoffici A h ital < hich [110,119]
Building 4 cooli Ivt 2l buildi and the overall thermal efficiency is 74%. However, the capital cost is high.
and cooling supply to commercial buildings
. . . . Solar thermal power system provides heat for superheating before
Decoupled Liquid nitrogen as energy carrier integrated with solar ion: liquid ni . . o
: . ) expansion; liquid nitrogen provides cold for cooling before compression;
thermal power system to drive direct expansion cycle as well . ) o [120]
Intesration Overall exergy efficiency was 27.55; power generation is 30% higher than
g as closed Brayton cycle
the sum of two separate systems.
D ed Liquid air as energy carrier in the complete LNG supply
ecouple o >0 . . ]
P chain: air .llquefactlc.)n n LNG regasification stage; power Energy requirement for NG liquefaction is reduced by 26-30%. [121]
Integration recovery in NG liquefaction stage for electricity and
additional cooling supply.
Decoupled Liquid air as energy carrier to drive direct expansion cycle
) (with fuel combustion) for electricity and additional cooling Overall exergy efficiency of this integrated system is 72.3%. [122]
Integration supply in biomethane liquefaction stage
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2.5 Summary of the literature review

The LAES is one of the most promising large-scale energy storage technologies, which have
started large scale commercial deployment. The key advantages of such a technology include
high energy density, no geographical constraints, sustainable storage material (mainly air),
direct capture of CO; from air as part of the process, transportability, and ability to provide

multi-energy-vector services.

Standalone LAES A significant amount of research work has been conducted on the
thermodynamic performance of the standalone LAES system in terms of the system
configuration, the optimal operating parameters, and the component/material. The Linde
based and Claude/modified Claude based liquefaction cycles are commonly used for air
liquefaction (charging) process considering their efficiency, capital cost/maintenance cost,
and system flexibility. The direct expansion cycle without combustion is more popular for
power recovery (discharging) process due to its comprehensive environmental, economic and
efficiency benefits. The standalone LAES is often equipped with high-grade cold and
compression heat storage units for enhancing the round trip efficiency. For a standalone
LAES system with the baseline configuration, the optimization of the operating parameters
(e.g., charging and discharging pressures) and the increase of the component efficiency can
improve the round trip efficiency to a certain extent. Further enhancement of the round trip
efficiency of the standalone LAES system would require the use of the surplus compression
heat for additional power generation or combined cooling and heating supply. There is a lack
of comprehensive studies on the utilization of the surplus compression heat, especially for the

cases at low charging pressures.

Integrated LAES Many studies in the literature have been focused on the LAES integration
with external thermal sources. Among them, the integration of the LAES with the LNG
regasification process has attracted most of the attentions. Most of the studies only considered

the thermal component of the LNG cold energy as the cooling load for the LAES for
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increasing the liquid yield. If the cold energy of the LNG is used as a supplement of cooling
in the air liquefaction process of the LAES, the cryogenic cold energy of the liquid air still
needs to be recycled within the LAES. The advantage of this is that the configuration of the
LAES charging process is usually close to the baseline LAES, which presents little doubt on
the technical feasibility. If the LNG is used as the only cooling load for the air liquefaction
process, the configuration of the LAES charging process would need to be redesigned
according to different scenarios, and the liquid air storage pressure would need to be set to ~2
MPa or higher for temperature match. The advantage of the new design is that the liquid yield
of the LAES could be improved to 100%, and hence a significant contribution to the round
trip efficiency enhancement. Another method to use the thermal component of the LNG cold
energy is to take the LNG as the cold source to drive an additional power generation cycle,
along with the excess compression heat from the LAES as the heat source. In this way, both
the LAES system and the LNG regasification plant can keep their original layouts. As for the
integration of the LAES with external heat sources, almost all the heat sources discussed in

the literature are utilized to superheat the air in the LAES discharging process.

The ASU is another focus for LAES integration studies. These studies can be broadly split
into two: one is the use of the low-purity gaseous product (e.g., crude nitrogen) of the ASU as
both the working and storage medium for the LAES; the other shares the load capacity of the
ASU (compressors and heat exchange equipment) with the LAES for saving the initial
equipment investment of the LAES. Although much work has been done on the integrated
LAES, the scope of the processes for LAES integration are still very limited. More integration
scenarios are needed to be considered to improve the adaptability and flexibility of the LAES

and broaden the application scope of the LAES.

Decoupled LAES Decoupled LAES systems have a great potential but very little has been
investigated compared with the coupled LAES systems. The development gaps for the
decoupled LAES system, especially in the transport and building sectors, can be identified in

the following: (1) it is a common challenge to recover the cryogenic energy and compression
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heat of the decoupled LAES system; (2) the traditional method to recover the cryogenic
energy through Rankine/Brayton cycles faces a very high capital cost. Therefore, new ways
are needed to address these challenges for decoupled LAES to play any significant role in the

future.

The present Ph.D. work covers the standalone LAES, integrated LAES, and decoupled LAES,
aimed to bridge the gaps as summarised above. For the integrated LAES, a waste-energy
based power generation system is proposed and optimized to recover the excess compression
heat from the LAES and the cryogenic energy from the LNG. A multi-functional standalone
LAES is proposed to supply multi-energy-vector services for decentralized micro-energy
networks. An economically feasible decoupled LAES integrated with a cryogenic
thermoelectric generator is proposed to deal with cryogenic energy recovery and high capital
cost problems. Finally, two hybrid LAES systems integrated with the ammonia synthesis
process are proposed and analysed to extend the application scope of the LAES, as well as
addressing the high energy consumption of the ammonia product. This latter has significance

as ammonia is regarded as a potential hydrogen carrier for net zero energy future.
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Chapter 3 Methodologies

This chapter explains the general methods used in this Ph.D. study, including first and second
thermodynamic analysis, thermodynamic properties, modelling and optimization, and pinch
analysis. Detailed mathematical models and detailed methods are given in the subsequent

chapters and will not be discussed in this chapter.
3.1 Thermodynamic analysis
3.1.1 Energy and exergy analyses

The LAES system and other thermal energy systems are often made up of several
thermodynamic cycles. As shown in Figure 3.1, a basic thermodynamic cycle consists of a
sequence of thermodynamic processes realized by the transfer of heat and work, which result
in the variation in state properties (pressure, temperature, enthalpy, entropy). The work
transfer processes involve compression and expansion processes. Usually, a compression
process is realized by compressors or pumps, and an expansion process is realized by gas
turbines, liquid expanders, or other expansion engines. The analyses of these thermodynamic

processes are established based on the first and the second laws of thermodynamics.

HT1 HT2 HT3 HTn-l

Figure 3.1 Diagram of a generalized thermodynamic cycle (I-Inlet; O-Outlet; WT-Work

transfer process; HT-Heat transfer process).

Energy Analyses The energy analyses are based on the first law of thermodynamics. For

example, for an adiabatic compression process, its isentropic efficiency is defined as:

hoo —hy
Doy =——— 3.1
“ hy —hy G-D
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where 7c;s is the isentropic efficiency of a compressor or a pump; / represents the specific
enthalpy; subscripts O and I represent the outlet and inlet states of the compression process,
respectively; subscript s represent the isentropic process. In this way, the actual specific
power consumption of the compression process (wc) and the actual specific enthalpy at the

outlet of the compression process (/#0) can be given respectively as follows:

We=——" (3.2)

h —ho
ho=h ———= (3.3)
77C,s

For an adiabatic expansion process, the isentropic efficiency is given as:

ho_h[

nE,s = ho hl

(3.4)

where #g; is the isentropic efficiency of a turbine or an expander. Thus, the real specific
power generation of the expansion process (wg) and the real specific enthalpy at the outlet of

the expansion process (/10) are expressed as below:

Wy = (hl - ho,s)'nE,s (3.5)

ho=h —(h, — hO,s) Mes (3.6)
For the heat transfer process, the specific heat flux can be defined as the specific enthalpy

difference of the working fluid at the outlet and inlet of the heat transfer unit:

Gyr, =My, —ho, (3.7)

i+l
where the gur; represents the specific heat flux of the i heat transfer process; subscripts L
and O;represent the states in Figure 3.1. See Section 3.2 for a detailed introduction to the

analysis and optimization methods of the heat transfer process.
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Exergy Analyses The energy analyses can only give the energy flow but fail to quantify
different types (grades) of energy in a thermodynamic cycle. Hence, the exergy analyses

based on the second law of thermodynamics are essential.

In this study, the kinetic and potential exergies are not considered for the specific exergy flow

calculations as they are usually negligible:

exI/O = (hUO - hambient) - 7;mbient : (S 7o S ambient) (38)
where ex is the specific exergy flow; s represents specific entropy; 7T represents the
temperature; subscript I/O represents the inlet (I) or outlet (O) states of the compression and

expansion process; and the subscript ambient represents the ambient state.

The exergy destruction of a thermodynamic cycle is the sum of the exergy destruction of the
processes that compose this cycle. The exergy destruction of a process is defined as the
exergy difference between the inlet and outlet of the process. The exergy destructions of the

compression and expansion processes are given respectively:

D. =ex;, —ex, — W, (3.9
D, =ex, —ex, —w; (3.10)
where D is the specific exergy destruction of a process; subscripts C and E represent the
compression and expansion processes, respectively; we and wg are respectively the real

specific power consumption and generation through the compression and expansion processes.

Note that wc is a negative value according to the Equation (3.2).

3.1.2 Thermodynamic properties

Thermodynamic properties are not all independent. The so-called equation of state gives the

linkage of these properties. The ideal gas law is the simplest equation of state for a gas:

PV =nRT (3.11)
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where P is the absolute pressure; V' is volume; 7 is the absolute temperature; n is the number
of moles; R is the universal gas constant. The ideal gas state equation assumes zero size and
zero interaction between molecules of the gas, and is therefore roughly accurate to predict the
behaviour of gases at high temperatures and low pressures. However, it deviates for an
environment with low temperatures and/or high pressures, especially a gas condensation
process, leading to an inaccurate or even wrong estimation of the gas properties. This
environment and condition are very common in this study, making the ideal gas law is not

applicable.

To ensure the accurate results of the thermodynamic analyses, more realistic models are used.

This is done through the use of a commercial software called REFPROP.

This REFPROP is a computer program, distributed through the Standard Reference Data
program of the National Institute of Standards and Technology (NIST) [123]. It provides
thermophysical properties of industrially important pure fluids and mixtures over a wide
range of fluid conditions including liquid, gas, and supercritical phases. The program is based
on the most accurate pure fluid and mixture models currently available. Three models are
implemented for pure fluid calculations in REFPROP: equations of state which is explicit in
Helmholtz energy, the modified Benedict-Webb-Rubin equation of state, and an extended
corresponding states (ECS) model. For mixtures, the REFPROP implements a model that
applies mixing rules to the Helmholtz energy and a departure function to account for the
departure from ideal mixing. Viscosity and thermal conductivity are modelled with either
fluid-specific correlations, an ECS method, or in some cases, the friction theory method.
These models are implemented in a suite of FORTRAN subroutines. They are written in a
structured format, are internally documented with extensive comments, and have been tested

on a variety of compilers. [123,124]

The property models in the REFPROP can be accessed by a wide range of platforms and

programming environments (e.g., Excel, LabVIEW, and MATLAB) through the use of a
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dynamic link library (DLL) [125]. In the present work, the thermodynamic simulation is
carried out in the MATLAB environment. Both pure fluids and mixtures (including
predefined and user-defined mixtures) can be called and calculated in the MATLAB

environment by the following calling sequences:

resultzrefpropm(prop_req, specl, valuel, spec2, value2, substancel) (3.12)

result#efpropm(prop_req, specl, valuel, spec2, value2, mixturel) (3.13)

result=refpropm(prop req, specl, valuel, spec2, value2,

3.14
substancel, substance?, ...substanceN, x) (3-19)

Equation (3.12), Equation (3.13) and Equation (3.14) are used for calling pure substances,
predefined mixtures and user-defined mixtures, respectively. In Equation (3.12)-(3.14),
prop_req is the requested properties; specl and spec2 are the first and second input properties
(know properties), and valuel and value2 are their corresponding values; substancel is the
name of the pure fluid or the first component of the user-defined mixture; mixturel is the
name of the predefined fluid mixture; substance2 and substanceN are the names of the second
and N™ component of the user-defined mixture; x is a vector with mass fractions of each
component in the user-defined mixture. Each property is represented by a character, as given

in Table 3.1.

65



Table 3.1 Characters standing for the properties in REFPROP calling sequence.

prop_req/ spec  Property Unit prop_req/ spec Property Unit
A Speed of sound m/s v Dynamic viscosity Pas
B Volumetric expansivity K! w d(rho)/dT (constant P) kg/(m*K)
C Cp J(kg K) X Eanl;iSdfrzlgzsoen)& gas phase composition

D Density kg/m? Y Heat of Vaporization J/kg
E dP/dT (along the saturation line) kPa/K Z Compressibility factor

F Fugacity kPa $ Kinematic viscosity cm?/s
G Gross heating value J/kg % Thermal diffusivity cm?/s
H Enthalpy J/kg A Prandtl number

I Surface tension N/m ) Adiabatic bulk modulus kPa

J Isenthalpic Joule-Thompson coefficient K/kPa | Isothermal bulk modulus kPa
K Ratio of specific heats (Cp/Cv) = Isothermal compressibility kPa’!
L Thermal conductivity W/(m K) + Liquid density of equilibrium phase

M Molar mass g/mol - Vapor density of equilibrium phase
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Net heating value

Cv

Pressure

Quality (vapor fraction)
d(rho)/dP (constant T)
Entropy

Temperature

Internal energy

Jkg

Ji(kg K)
kPa

kg/kg
kg/(m®kPa)
Ji(kg K)

K

Jkg

Dielectric constant
dP/dT (constant rho)
dH/d(rho) (constant T)
dH/d(rho) (constant P)
dH/dT (constant P)
dH/dT (constant rho)
dH/dP (constant T)

Throat mass flux

kPa/K
(J/kg)/(kg/m?)
(J/kg)/(kg/m’)
J(kg K)

J(kg K)

J/(kg kPa)

kg/(m? s)
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3.2 Optimization method

3.2.1 Pinch analysis

Introduction to the pinch analysis Pinch analysis is a method aimed at the energy saving of
industrial processes by optimizing the process heat integration, maximising the heat recovery
and minimising the external energy requirement with the help of thermodynamic principles
[126]. This method was first devised and introduced by Linnhoff in 1978 for a systematic
analysis of the overall plant [127—129] and was further developed for the heat exchanger

network design by Linnhoff and Hindmarsh [130].

Pinch analysis plays a significant role in the overall process design. Figure 3.2 shows the
"Onion Diagram" of hierarchy in process design [131]. The design basically proceeds from
the inside to the outside of the onion. The reactors design (the core of the "Onion Diagram")
is the first to be determined for extracting the feeds, products, recycle concentrations and
flowrates, after which the separators and power systems (the second and third layer of the
"Onion Diagram") can be designed. Then the basic material and heat balance is established,
and the heat exchanger network (the fourth layer of the "Onion Diagram") can be designed
with pinch analysis. Finally, the remaining heating and cooling duties are settled by the
utilities (the fifth layer of the "Onion Diagram"), including the process utility and site-wide
utility systems. Using the pinch analysis to describe and analyse the heat exchanger network
can contribute to every layer of the process design: for the first three layers, the pinch analysis
helps to identify the impact of their changes on the energy saving of the process, which will
guide the core process design; for the fourth and fifth layers, the pinch analysis is used to
optimize the heat exchanger network to achieve the energy-saving target of the utility system

[132].
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Reactor

Separator

Power system
The material and heat
balance is at this boundary

Heat exchanger networ

Utilities (heating or cooling)

Figure 3.2 "Onion Diagram" for process design [131].

Principle of the pinch analysis Using pinch analysis to analyse and optimize the heat
exchanger network is based on the first and second laws of thermodynamics. The first law of
thermodynamics provides the energy equation for calculating the enthalpy changes in the
streams passing through a heat exchanger. The second law of thermodynamics determines the
direction of heat flow (without work input, heat energy may only flow in the direction of hot
to cold). In a practical process, a Minimum Approach Temperature (MAT) determines how
closely the hot and cold streams can be pinched without violating the second law of
thermodynamics (none of the heat exchangers can have a temperature crossover), and hence,

this MAT must be maintained in the heat exchanger network.

The pinch analysis can construct composite curves in the heat exchanger network, which refer
to temperature and enthalpy profiles of heat availability (the hot composite curve) and heat
demands (the cold composite curve) together. The composite curves can be used to predict the
minimum energy (both hot and cold utility) required in the heat exchange process and the
maximum heat recovery, as shown in Figure 3.3 (a). The position of the closest temperature
approach between hot and cold composite curves is defined as the process pinch point at
which the temperature difference must be higher than MAT. The pinch point is recognized to
be the most constrained part that limits the overall performance of this process. It has been

reported that any change in process parameters caused by debottlenecking will change the
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pinch position and further affect the cooling and heating utilities, as illustrated in Figure 3.3

(b).
A . LA .
= Hot utility 2 Hot utility
= requirement E requirement
] L S
= — a
D | 35
E g > E

Heat recovery

O: ¥

L — —_—
Cold utility Cold utility
requirement requirement
Enthalpy Enthalpy
(a) (b)

Figure 3.3 Composite curves of the hot and cold streams in heat exchanger network: (a)

original composite curves; (b) optimized composite curves [30].
3.2.2 Heat exchanger optimization using the Pinch analysis

The use of the pinch analysis in this work In the LAES system, heat transfer usually occurs
between high-pressure air and cold/heat storage media. The high-pressure air experiences
significant changes in the specific heat capacity, especially during the cooling processes, as
shown in Figure 3.4. Thus, the temperature distribution of high-pressure air in the heat
exchangers is non-linear. This makes it challenging for an efficient design of heat exchangers.
This can be overcome by the employment of the pinch analysis, through which the
performance of heat exchangers in the LAES (including general heat exchangers and the cold

box) can be optimized for a high exergy efficiency.
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Figure 3.4 Specific heat capacity of air at different temperatures and pressures.

Key steps in the pinch analysis for process optimization Applying the pinch analysis to a

process design and optimization is usually done in several steps as follows [133]:
(1) Establishment of the mass and energy balances;
(2) Extract the stream data from the mass and energy balances;

(3) Select an appropriate MAT value, construct the composite curves of the heat exchange
network, and then calculate the energy targets (minimum heating and cooling utility

requirements) and the pinch point;

(4) Modify the process, and then update the stream data to obtain the new energy targets;

(5) Once decided whether to implement process modifications and what utility levels are used,
design a heat exchanger network within the process;

(6) Design the utility systems to supply the remaining heating and cooling utility requirements,

and modify the heat exchanger network if necessary;

(7) Reproduce the process based on the above modifications, return to step (2) to study if a
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further improvement is possible.

Figure 3.5 gives an example of using the pinch analysis in the LAES for an optimal design of
the cold box (multi-stream heat exchanger). The way to calculate the stream data
(temperatures, pressures, enthalpies, and entropies) of the cold and hot streams is based on the
thermodynamic modelling method introduced in Section 3.1. The pinch analysis is used to
analyse and examine the efficiency and feasibility of the overall heat exchange process,
providing strategies to guide the process optmization. This optimization procedure is essential
for realizing an efficient heat exchange process and an efficient overall system, although it is

a very time-consuming part in the system simulation process.

Input:
Inlet stream data of hot air & MAT

v

Assumption:
outlet temperature of cold streams
(return air, propane, methanol )

A 4

Assumption: yield

<

y

Calculation:
Stream data of overall cold box

Energy balance

Yield
increase

No

MAT match

v

Pick the largest influence factor
among cold streams

v

Yield
decrease

Yes

Temperature difference at
pinch point

>MAT
Temperature

. Compare with MAT
increase

Temperature Output:
decrease outlet stream data of overall cold box

Figure 3.5 Optimization procedure for the cold box in the LAES.
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Chapter 4 Waste energy recovery through integration of liquid air

energy storage and liquefied natural gas regasification

4.1 Introduction

LNG regasification is a very important industrial process and there are many LNG
regasification plants across the world today. Most such regasification plants discard the
valuable cold energy. On the other hand, the commercial deployment of the LAES technology
is ongoing after a pilot scale LAES plant (350 kW/2.5 MWh) and a grid-scale LAES
commercial demonstrator plant (5 MW/15 MWh) were built and tested successfully. The
LAES plant need cold energy: it would therefore an attractive approach to integrate two
technologies to reduce energy loss of LNG and enhance the LAES efficiency. As the LAES
power plants mostly use the ‘off-the-shelf” components, and the existing LNG regasification
terminal can use the current layout with little modification, this integrated system should have
good technical and commercial feasibilities. Some work has been performed on this. For
example, LAES-Brayton-LNG system was proposed [93], which uses an additional Brayton
cycle to recover the waste cold energy from LNG regasification process and excess
compression heat from the LAES (The temperature and proportion of the excess compression
heat of a standalone LAES are shown in Figure 4.1). However, this piece of research [93]
mainly focused on the thermodynamic analysis of the overall integrated system, with very

little on the optimization of the proposed power plant (Brayton cycle).

This chapter explains one aspect of this Ph.D. work, aimed to bridge the above gap by
performance optimization of the proposed power plant based on waste energy recovery.
Nitrogen and argon are selected as the working fluids to address the challenge. Both energy
analysis and exergy analysis are carried out on the use of the two working fluids under
different working conditions. An economic analysis is also performed on the proposed power

plant.
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Figure 4.1 Excess compression heat (hot thermal oil) in the standalone LAES at different

charging pressure.

4.2 System description and modelling

4.2.1 System description

In the LAES system, the compression heat is high grade, and assumed to be stored in thermal
oil. As is introduced in Section 4.1, the compression heat is often surplus in a standalone
LAES system. Thus, this part of heat is used together with cold energy in the pressurized
LNG, to drive a power generation cycle, producing additional electricity. Figure 4.2 (a) shows
the proposed power generation system, consisting of two power generation cycles: Power
generation#1 and Power generation #2. In Power generation#1, the compression heat from the
LAES system and the cold energy from the LNG system are recovered, working as the heat
source and cold source, respectively. The Power generation#2 is a traditional LNG direct

expansion cycle.

74



Power generation #1

Power generation #2

e T T T T T 1
I' _____ I I | Qambient I
| I R I
| | l 10 I\I Turbine #1 Ambient heat N? product :
I High-temperature | H exchanger ) or users
| thermal oil tank | | b eat " Turbine #2 |
exchanger
I I
: | | Heat | A |
| | | 2 exchanger #2 | I
| I |/| | | LNG tank |
I | 11 Compressorl\l D I
| Low-temperature l | /Pump LNG | | |
thermal oil tank | | | I |
| ___ [ P |
(a)
* >—
. L e _> — -
LAES LAES Electricity
Electricity Thermal oil
charging — » 1discharging v
i Off-peak time
E —————— Peak time
I 5 Excess E --------------------- Flat time
Y Y:thermal oil :
| ¢ :
Electricity
I
--------- *------
Power Generation #1
NG
— —»— —
----» -------
| Electricity & NG
| ‘ Power Generation | — — > — —
e b1 #o | s
| . —
LNG

LNG station

(b)

Figure 4.2 (a) Flowsheet of the proposed power generation system, and (b) working modes of

the proposed power generation system.
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The excess compression heat from the LAES can be utilized in a very flexible way, as shown
in Figure 4.2 (b), depending on the user demand of natural gas (NG) and the working time of

the LAES:

During off-peak time, the LAES system is charged, which produces not only liquid air, but
also high-temperature thermal oil. In this period, if NG is in demand, only Power
generation#2 operates, which is the same as a conventional LNG regasification terminal. The
required pressure of the NG product for users depends on the purpose, as illustrated in Table

4.1. In this work, the NG product is assumed to be used for long-distance transmission.

During peak time, the LAES system is discharged for power generation. If NG is in demand
during this period, both Power generation#1 and Power generation#2 operate. In Power
generation#1, the working fluid is compressed by the compressor firstly (status 2). Then it is
heated up through the heat exchange with a stream of the high-temperature thermal oil from
the LAES (status 3). The high-temperature compressed working fluid is then expanded in
turbine#1 for power generation (status 4), after which the working fluid is cooled down
(status 1) through the heat exchange with the pressurized LNG. Finally, the working fluid is
compressed to a high pressure (status 2) to complete the whole closed cycle. Meanwhile, the
pressurized LNG completes the first regasification process in the heat exchanger#2 (from
Status 6 to Status 7). In Power generation#2, the pressurized NG enters the ambient heat
exchanger for further regasification (status 8), after which the high-pressure NG is expanded

in turbine#2 to the gas-supplying pressure (status 9).

During flat time, the LAES system operation stops. If there is still excess thermal oil left in
the high-temperature thermal oil storage tank, Power generation#1 and Power generation#2
can operate in the same way as that at the peak time until the stored heat in the thermal oil is
used up. After that, Power generation#1 stops, and Power generation#2 keeps running for

LNG regasification.
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Table 4.1 Required pressure of NG for several purposes [134].

Purpose Pressure (MPa)
Steam power stations 0.6

Combined cycle stations 2.5

Local distribution 3
Long-distance transmission 7

4.2.2 System model development
4.2.2.1 Thermodynamic model for energy analysis

In Power generation#1, the working fluid is compressed to a high pressure, and the outlet
enthalpy of the working fluid after the compression process can be calculated as follows:
(h2 s h’l)

hy =h+—"—— (4.
ncnm

where h; represents the specific enthalpy at status i; subscript s represents an isentropic

process; and #.om represents the isentropic efficiency of the compressor.

Then the pressurized working fluid (status 2) is heated up by the high-temperature thermal oil
in heat exchanger#1. The outlet state (status 3) can be calculated according to the law of

energy conservation subject to the limitation of the pinch point:

My - (= h) =K, -my,. - (b —h) 4.2)
m.
K, == 43
l My e

where mpr and mo; are the mass flow rates of the working fluid and the thermal oil in the
power generation cycle, respectively; K, is the ratio of the mass flow rate of the thermal oil

to that of the working fluid.
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The high-temperature pressurized working fluid (status 3) then expands in turbine#1 to low

pressure (status 4), and the outlet condition can be obtained by:

h4 = ha Moot X (h3 - h4,s) (4.4)

where 74,51 represents the isentropic efficiency of turbine#1.

The pressurized LNG cools down the working fluid out of turbine#1 in heat exchanger#2. The
outlet state of the working fluid (status 1) can be calculated by using the law of energy

conservation subject to the limitation of the pinch point:

My - (hy =) = K 6 - My - (hy = hg) 4.5)
m
Ko =—2¢ (4.6)
wr

where mrnc is the mass flow rate of LNG in the power generation system; Kzyg is the ratio of

the mass flow rate of LNG to that of the working fluid.

In Power generation#2, the ambient-pressure LNG (status 5) stored in the LNG tank is
pumped to high pressure (status 6) by the cryo-pump. The cryo-pump outlet condition can be
calculated as follows:
(B, —hs)
hy = hy + 22~ (4.7)

ncryo— pump

in which #7cryo-pump 18 the isentropic efficiency of the cryo-pump.

The pressurized LNG is heated to ambient temperature in the ambient heat exchanger after

finishing the first regasification process in Power generation#1:

T;& = T;zmbient (48)

Qambient = mLNG : <h8 - h7) (49)
where T; represents the temperature at status i; Tumpienr represents the ambient temperature;

Qumbiens represents the heat flux in ambient heat exchanger.
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The ambient-temperature pressurized NG (status 8) then expands in turbine#2 to gas-

supplying pressure (status 9). The outlet condition can be obtained by:

hy = hy = 1,0 - (hy — h9,s) (4.10)

where w2 represents the isentropic efficiency of the turbine#2.

The specific power generation of this proposed power generation system, wre, is defined as
the net energy output produced by per unit mass flow of the working fluid, which is the sum
of the specific power generation of Power generation#1 (wWpe,rgr) and Power generation #2

(WhetPG2):

_ (W;urbl - W;)m) + (W;urbZ - I/I/;ryo— pump)

Waet = Waet,pGt T Wer,pe2 = (4.11)
mWF

Weom =My - (hy = hy) (4.12)

W = My % (5 = hy) (4.13)

W ryo-pump = Mg * (g = ) (4.14)

Wy =My - (g = hy) (4.15)

To study the effects of the amount of LNG and thermal oil on the system performance, the

power generation per unit mass flow rate of the LNG (w%,°) and per unit mass flow rate of the

thermal oil (w,y ) are proposed and defined respectively as:

WLNG _ WLNG n WLNG _ erbl - Wcom n qurbz - VVayo- pump 4.1 6)
net net ,PG1 net ,PG2 m m :
LNG LNG
- w . —-W
oil oil oil I/Kurbl Vme turb2 cryo-pump
wo o= + = +
net Wn@f,PGl wm’t,PGZ m m (4' 1 7)

oil oil

The thermal efficiency of this proposed system, 77, is defined as the ratio of the net energy

output of this system to the total heat input at the high temperature of this system:
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— (VVturhl - I/me) + (VV;urbZ - I/Vcryo-pump)

um (4.18)
t Oror.r61 T Qhor.pia
(Wur - Wcom)
Mpor == S (4.19)
Qhot,PGl
Qhot,PGl =m,, - (hy—h) (4.20)
Oor r62 = Qmpions —MinG +Chg - h7) 4.21)

4.2.2.2 Thermodynamic model for exergy analysis

In this study, the exergy flow rate (£x) is defined as the product of the mass flow rate and the
specific exergy (assuming negligible kinetic and potential exergy), which is illustrated

mathematically by:

E‘xi = mi ’ exi = mi ' [(hz - hambient) - T;zmbient ' (Si - Sambient )] (422)
LNG LNG

The exergy input by the LNG to the whole system (Ex,, ) and to Power generation#1 (EXi,pc: )

are respectively given by:

Ex""% = Ex, — Ex, (4.23)

in

Ex"° = Ex, — Ex, (4.24)

in,PG1

The exergy input by the thermal oil to the system (Ex,') is given:

Exiil = £x,, — Ex;, (4.25)

Thus, the total exergy input to the whole system (Exi,) and Power generation#1 (Exinpgi) are:

Ex, = ExjN ¢4 Exzil (4.26)

Exin,PGl = Ex""° + Exiﬂ (4.27)

in,PG1 7
There are several different definitions of exergy efficiency proposed by different researchers
[135,136]. The exergy efficiency of the system (#..) is defined as the ratio of the total useful

exergy output from the system to the total exergy input into the system, with the net power
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output of the system considered as the useful exergy output, and the physical exergy changes
of the natural gas and the thermal oil considered as the exergy input. This exergy efficiency
definition is very common and has been used in many studies about the LNG-based power

generation system [137-139].

nex :(mWF ’ Wnet) / Exin = (Exin _Exd) / Exin (428)

Nex.pc1 = (M 'Wnet,PGl) / EX,, pg = (Exin,PGl - Exd,PGl)/Exin,PGl (4.29)

In Equations (4.28) and (4.29), Exq and Exqpc; represent the total exergy destruction of the
whole system and Power generation#1, respectively. The total exergy destruction is the sum

of the exergy destruction of each system component:

Ex,=Ex“"+Ex""! +E)c2””’1 +Ex " 4 Ex 4 Ex Y 4 Exi”rb2 (4.30)

For Power generation#1:

Exd o1 — Excom +ExHEX1 +Exturbl +E)CHEX2 (431)
’ d d d d

The terms in Equations (4.30) and (4.31) are given by:

Ex™ = Ex —Ex, +W,,, (4.32)
ExfEX1 = Ex, — Ex, + Ex,, — EX,, (4.33)
Ex'""" = Ex, — Ex, = W,,, (4.34)
EdeEX * = Ex, — Ex, + Ex, — Ex, (4.35)
EXP = Exg — EXg AW,y (4.36)
Ex""™ = Ex, — Ex, (4.37)

Ex"""? = Ex; — Ex, =W, (4.38)
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4.2.2.3 Economic performance indexes

To evaluate the economic benefit of the proposed system, an economic analysis was also
performed. The net present value (NPV) and saving to investment ratio (S/R) are used to show
the investors whether the investment of such a power plant is cash-flow-positive. NPV is
defined as the difference between the present value of revenue and the present value of cost.
SIR is calculated by dividing the present value of revenue by the present value of cost. NPV>0
and S/R>1 indicate that the investment has a potential economic benefit. Otherwise, they

suggest an economic loss. The NPV and SIR are given mathematically in the following:

lifetime
NPV =S =N __ ¢ (4.39)
o (1+r)
with
CNC = Crevenue - CO&M (440)

lifetime C
z NCI

apo T Wy (441)
C

where Cycr represents the net cash inflow, C represents the capital cost, Crevenne represents the
revenue obtained, Cogur represents the operating and maintenance cost, lifetime represents the
lifespan, and r refers to the discount rate. In this study, the daily revenue for this proposed
system only considered the electricity generation of the Power generation#1. The Power
generation#1 is assumed to operate 16 hours per day (8 hours each during peak and off-peak
periods) for electricity supply using the waste thermal energy from the LAES and LNG plants.
Besides, the operating and maintenance costs (O&M) typically amount to 1.5-3% of the
capital cost of the whole system per annum [140]. In this study, the O&M cost is assumed to
account for 2% of the capital cost per annum in this study. The details about the calculation of
the capital cost of the Power generation#1 and the industrial electricity tariffs are given in

Section 4.4.
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Besides, the payback period (payback period) is also an important index to evaluate the

economic value of an investment, which is defined as below:

payback _period = < (4.42)

NCI
4.3 Results and discussion

Many factors could influence the performance of this power generation system, among which,
the expansion ratio of the turbine, the temperatures of the cold and heat sources, and the ratio
of the mass flow rates among the working fluid, cold fluid, and hot fluid are the most critical
parameters. Thus, analyses were done on how these factors affect the thermodynamic
performance of the proposed power generation system based on waste energy recovery.
MATLAB was used to calculate the system performance. The thermal properties of nitrogen,
argon, and LNG (assumed to be pure methane) were obtained from REFPROP 9.0, and the
thermal properties of thermal oil (Dowtherm G) are extracted from ASPEN plus 8.8 software
package. Table 4.2 lists the default operating conditions for this power generation system.

The calculation results and a comprehensive discussion of these results will be present in this

section.

Table 4.2 Default design conditions for the power generation system
Parameters Value
Thermal oil temperature (K) 473.15
LNG temperature (K) 111.51
LNG pressure in tank (MPa) 0.1
Cryo-pump outlet temperature of LNG (K) 116.94
Cryo-pump outlet pressure of LNG (MPa) 10
Turbine#2 outlet pressure of NG (MPa) 7
Turbine outlet pressure of argon (MPa) 1.44
Turbine outlet pressure of nitrogen (MPa) 2.93
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Minimum Approach Temperature of heat exchanger#1 (K) 2

Minimum Approach Temperature of heat exchanger#2 (K) 2

Isentropic efficiency of compressor [141] 70%
Isentropic efficiency of cryo-pump/pump [55] 70%
Isentropic efficiency of turbine#1&2 [137] 90%
Mass flow rate of working fluid (nitrogen/argon) (kg/s) 1

4.3.1 Selection of working fluid

First, due to suitable temperature range, the Dowtherm G thermal oil was used as the heat

transfer medium of the heat source in heat exchanger#1.

Second, LNG needs to be pressurized before regasification to ensure long-distance and high-
efficiency NG pipeline transportation. Thus, LNG is pumped to a high pressure (10 MPa) in
this proposed power generation system before entering heat exchanger#2. The pressurized
LNG is used to cool down the working fluid during the regasification process in heat
exchanger#2, which is followed by a further heating process to the ambient temperature

before expansion in turbine#2 to 7 MPa for long-distance transmission.

For the cryogenic power generation cycle, nitrogen and argon are considered, which have
widely studied as the working fluid because of their low triple point, nonflammability, and
non-pollution. [142]. In order to utilize the high-grade cold energy of LNG more effectively,
nitrogen and argon are working under different outlet pressures of turbine#1 (Pi). At their
respective design pressures, the liquefaction temperatures of nitrogen and argon (nitrogen:
123.13 K at 2.93 MPa, argon: 123.15 K at 1.44 MPa) can be very close to the LNG

temperature.

4.3.2 Constant heat and cold sources

To analyse the influence of the expansion ratio of turbine#1 (Ps/P4) on this power generation

system performance, the heat source and cold source are assumed to be at a constant
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temperature first. This can avoid the influences of the temperatures and mass flows of the

cold and heat sources on the system performance.

4.3.2.1 Effect of the turbine expansion ratio

Figure 4.3 shows the effect of the expansion ratio of the turbine (P3/Ps) on the specific power
of Power generation#1 (wye:pcr). With the increase of the turbine expansion ratio (P3/Ps) from
2 to 40, the specific power of Power generation#1 (wue,pcr) increases first and then decreases,
giving a maximum for both argon and nitrogen. This is mainly because the increase of the
turbine expansion ratio (P3/Ps) contributes to the increased power generation of turbine#1.
However, it also implies the increase of the compression ratio (P»/P;), which finally leads to
the increase of the power consumption of the compressor. With increasing turbine expansion
ratio (P3/Ps), the amount of the power generation increases more steeply than the power
consumption, leading to the increase in the specific power generation (wxe; pc:) first. However,
with the continuous increase of the turbine expansion ratio (P3/Ps), the rate of the power
consumption due to compression accelerates and finally catches up with the rate of the power
generation, which makes the specific power generation (Wnepgr) reach the peak. A further
increase in the turbine expansion ratio (P3/Ps) gives the rate of the power consumption
overtaking the rate of the power generation, leading eventually to the observed decline of the

specific power generation (Wye,pc1).

From Figure 4.3, it can also be seen that with the increase of the LNG outlet pressure of the
cryo-pump (Ps), the specific power generation (Wue.pg:) for both the nitrogen and argon
reduces. This is mainly because the increase of the outlet pressure of the cryo-pump leads to
an increase of the temperature of the LNG (7%). Therefore, the compressor inlet temperature
for both the nitrogen and argon (77) increases as well, resulting in an increased power

consumption of the compressor.
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Figure 4.3 Effect of the turbine expansion ratio on the specific power generation of

nitrogen/argon at different LNG pressures (Power generation#1).
4.3.2.2 Effect of the temperatures of heat and cold sources

Under a fixed turbine expansion ratio of 8 (P3/Ps=8), the effects of the temperatures of the
constant heat and cold sources on the specific power generation (wnergr) have been
investigated. The temperature variation ranges of the cold and heat sources are 113.15 K -
120.15 K and 413.15K - 473.15 K, respectively. Figure 4.4 (a) and (b) show the variations of
the specific power of Power generation#1 (waerc:) at different cold source and heat source
temperatures, with nitrogen and argon as the working fluids respectively. The results illustrate
that a lower cold source temperature and/or a higher heat source temperature would increase

the specific power generation of Power generation#1.

However, the extents of the influence of the cold and heat source temperatures are different.
According to Figure 4.4 (a), as the cold source temperature (7¢) increases from 113.15K to
120.15K, the specific power generation of nitrogen shows a decrease of 0.66kJ/(kg'K). A
decrease of the heat source temperature from 473.15K to 413.15K leads to a decrease of 0.48

kJ/(kg-K) in the specific power generation of nitrogen. As a result, the change of the specific
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power generation of the nitrogen caused by the change of the cold source temperature is ~1.38
times that caused by the change of the heat source temperature. However, the result is
opposite when argon is used as the working fluid, as shown in Figure 4.4 (b). The temperature
increase of the cold source and the temperature decrease of the heat source lead to a specific
power generation decrease of 0.08 kJ/(kg'K) and 0.29kJ/(kg'K) for argon, respectively. The
decrease of the specific power generation of argon caused by the heat exergy loss is ~3.63

times that caused by the cold exergy loss.
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Figure 4.4 Effects of the heat source and cold source temperatures on the specific power

generation of nitrogen (a) and argon (b) (Power generation#1).

4.3.3 Limited cold source and constant heat source

4.3.3.1 Effect of the mass flow rate of LNG: energy analysis

To analyse the effect of the mass flow rate of the cold fluid (LNG) on the system performance,
the heat source is assumed to be constant, whereas the effect of real mass flow rate of LNG is
considered during the simulation process. The expansion ratio of the turbine is selected as 8
(P3/Ps= 8), and the LNG outlet pressure of the cryo-pump is fixed at 10 MPa (Ps=10 MPa).
Figure 4.5 shows the variations of the specific power generations of the whole system (Wye;)

and Power generation#1(wyepcr) as a function of the mass flow rate of LNG. Figure 4.6 (a)

87



and (b) show the temperature-entropy diagrams (T-S diagrams) of Power generation#1 with
nitrogen and argon as the working fluids, respectively. Since the heat source is assumed to be
constant, the outlet state of heat exchanger#1 (status 3) is independent of the mass flow rate of
LNG. Thus, the positions of status 3 and status 4 in the temperature-entropy diagram are fixed.
However, the mass flow rate of LNG can impact the positions of status 1 and status 2 very

much.
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From the nitrogen curves (red curves) shown in Figure 4.5, one can observe that with the
increasing mass flow ratio of LNG to the nitrogen (K.v), the specific power generation of
Power generation#1 (Wne,pgr) increases when the ratio is smaller than 0.75 (Kwve <0.75),
beyond which (Kive >0.75), the increasing trend levels off. The maximum specific power
generation of Power generation#1 (wy.;pc:) approaches the value obtained when both the cold
and heat sources are assumed to be constant. That is because when the mass flow ratio of
LNG to nitrogen is below 0.75 (Kixe <0.75), the cooling capacity is insufficient to condense
nitrogen in heat exchanger#2. In this case, nitrogen in this power generation system can only
finish the Brayton Cycle. In this study, this value of 0.75 (Kiv¢ =0.75) is defined as the cut off
value of the Brayton Cycle for nitrogen. When the mass flow ratio is equal to the cut off value
(Kwve = 0.75), nitrogen could complete the maximum-range Brayton Cycle, as shown in
Figure 4.6 (a): 1(a)-2(a)-3-4-1(a). When the mass flow ratio of LNG to nitrogen is over the
cut off value (Kwe > 0.75), nitrogen in this power generation system enters the transition
stage from the Brayton Cycle to Rankine Cycle, with an increased portion of the nitrogen
condensed in heat exchanger#2. This continues until the mass flow ratio reaches 4.8 (Kive =
4.8), beyond which this power generation system can operate under the Rankine Cycle fully,
as shown in Figure 4.6 (a): 1(b)-2(b)-3-4-1(b). When the mass flow ratio is beyond 4.8 (Kivc >
4.8), the specific power generation of nitrogen in Power generation#1 (Wue,pc1) can only be
close to but not exceed the result calculated under the condition of the constant cold source
because of the pinch point constraint, as shown in Figure 4.6 (a): 1(c)-2(¢)-3-4-1(c). Table 4.3
shows the calculated results at each state of the Power generation#1 with nitrogen as working
fluid at different mass flow ratios of LNG to nitrogen (K.vc). The effect of the mass flow ratio
of LNG to nitrogen can be more clearly understood from Table 4.3. Firstly, the change of Kive
does not affect the expansion process of Power generation#1 (status 3 to status 4), and hence
the specific power generation of the turbine#1 remain constant. Secondly, with the increase of
Kine, more cooling energy is released from LNG to cool down the nitrogen in Power
generation#1 (status 4 to status 1) which lead to the temperature decrease in the nitrogen
before compression (status 1). Lastly, the decrease of the temperature at status 1 can reduce
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the specific power consumption of the compression process (status 1 to status 2), especially
for nitrogen in the gaseous form. Therefore, as the Kinxe increases, the unchanged power
generation of the expansion process and the decreased power consumption of the compression
process ultimately result in the trend of the net specific power generation of Power

generation#1 shown in Figure 4.5.

The similar result is also obtained when argon is used as the working fluid. The argon curves
(blue curves) illustrated in Figure 4.5 show that the cut off value of the Brayton Cycle for
argon in this power generation system is 0.15 (Kwxc = 0.15). When the mass flow ratio of
LNG to the argon is lower or equal to 0.15 (K¢ < 0.15), Power generation#1 can only work
under the Brayton Cycle. When the ratio is between 0.15 and 8.50 (0.15 < Kine < 8.50), an
increasing portion of argon completes the transition from the Brayton Cycle to the Rankine
Cycle, as present in Figure 4.6 (b): from 1(a)-2(a)-3-4-1(a) to 1(b)-2(b)-3-4-1(b). When the
ratio is over 8.50 (K = 8.50), argon in this power generation system can complete the full
Rankine Cycle, as illustrated in Figure 4.6 (b): from 1(b)-2(b)-3-4-1(b) to 1(c)-2(c)-3-4-1(c).
Table 4.3 shows the calculated results at each state of the Power generation#1 with argon as

working fluid at different mass flow ratios of LNG to nitrogen (Kiyc).

Table 4.3 Stream data of Power generation#1

Nitrogen Argon
State
T(K) PMPa) h(klkg) ski/(kgK)) T(K) PM™Pa) h(klJkg) s (kl/(kgK))

l(a) 123.13 293 65.09 4.52 123.18 1.44 47.77 2.77
2(a) 220.84 23.44 161.23 4.66 31598  11.52 145.94 2.87

3 473.15 23.44 486.22 5.66 473.15  11.52 239.31 3.11

4 278.56 2.93 281.72 5.74 230.46 1.44 115.49 3.17
I(b) 123.13 2.93 -4.71 3.95 123.18 1.44 -74.03 1.78
2(b)  158.55 23.44 49.38 4.06 132.60  11.52 -61.51 1.81

3 473.15 23.44 486.22 5.66 473.15  11.52 239.31 3.11

4 278.56 2.93 281.72 5.74 230.46 1.44 115.49 3.17
I(c) 116.94 293 -30.37 3.74 116.94 1.44 -82.32 1.71
2(c) 141.68 23.44 17.15 3.84 125.21 11.52 -70.36 1.74
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3 473.15 23.44 486.22 5.66 473.15  11.52 239.31 3.11
4 278.56 2.93 281.72 5.74 230.46 1.44 115.49 3.17

Furthermore, the power generation per unit mass flow of LNG for Power generation#1 (Wi, rc:

and the whole system (w%,") are studied and the results are presented in Figure 4.7. The power
generation per unit mass flow of LNG is peaked at a mass flow ratio of 0.30 and 0.20 (Kive =
0.30 and 0.20) for nitrogen and argon, respectively. The specific power generation with
respect to the mass flow of LNG for Power generation#1 (Wi »s,) and the whole system (wi.,

then drops sharply firstly, followed by a slow gradual decrease. Thus, in terms of the
utilization efficiency of the cold energy of LNG, there is an optimal mass flow rate of LNG in
this power generation system. The Brayton Cycle is the most efficient option for this power
generation system (Kixe = 0.30) when nitrogen is selected as the working fluid. As for argon,
the combination of the Brayton Cycle and Rankine Cycle (argon has a vapour fraction of
97.10% at the outlet of the heat exchanger#2) shows the optimum (peak) at Kivo= 0.20. The

composite curves of heat exchanger#2 with nitrogen and argon as working fluids at their

respective optimal LNG mass flow are shown in Figure 4.8 (a) and (b), respectively.
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Figure 4.7 Effect of the mass flow ratio of LNG to working fluid on power generation per unit

mass flow of LNG (Power generation#1 and whole system).
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Figure 4.8 Composite curves of heat exchanger#2 with nitrogen (a) and argon (b) as working

fluids.

4.3.3.2 Effect of the mass flow rate of LNG: exergy analysis

The influence of the mass flow rate of LNG on the total system exergy destruction and the
exergy destruction per unit mass flow rate of LNG are also studied and are illustrated in
Figure 4.9. The total exergy destruction (Exq, blue curves) shows an almost linear dependence
on the mass flow ratio of LNG to the working fluid at Kine > 0.30 and Kixe >0.20 for nitrogen
and argon, respectively. Under the optimal values of K.v¢ = 0.30 and 0.20 for nitrogen and
argon, respectively, the exergy destruction is almost constant. As a result, the exergy
destruction per unit mass flow rate of LNG (Ex;", red curves) shows a minimum value at the
optimal mass flow ratios of 0.30 and 0.20 for nitrogen and argon, respectively. Figure 4.10
shows the respective exergy destruction occurred in Power generation#1 and Power
generation #2, demonstrating that the sharp decrease of the total exergy destruction per unit
mass flow rate of LNG at the very beginning of the increase of LNG input is caused mainly

by the sharp decrease of the exergy destruction of Power generation#1.
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Figure 4.9 Effect of the mass flow ratio of LNG to working fluid on exergy destruction.
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Figure 4.10 Exergy destruction distribution in power generation#1 and #2 with nitrogen (a)

and argon (b) as working fluids.

4.3.4 Limited heat and cold sources

4.3.4.1 Effect of the mass flow rate of thermal oil: energy analysis

The effects of the mass flow rate of the heat source on the specific power generation (Wye;)
and power generation per unit thermal oil (w},) are analysed, and the results are presented in

Figure 4.11 and Figure 4.12. The best optimal flow ratios of LNG to nitrogen/argon obtained

in Section 4.3.3 (Kiv=0.30 and 0.20) are employed in the analyses of this section.
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per unit mass flow of thermal oil (Power generation#1 and whole system).

One can see from Figure 4.11 that, with increasing mass ratio of the thermal oil to
nitrogen/argon (K,i), the specific power generation of Power generation#1 (wy.;pc:) increases
linearly, reaches maximum and then stays constant at the maximum. The turning points from
the linear increase part to the maximum are 0.75 and 0.35 for nitrogen and argon, respectively.

This is because there is an upper limit on the outlet temperature of heat exchanger#1, which is
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determined by the heat source temperature and the pinch point of the heat exchanger. The
initial increase of the mass flow of thermal oil can increase the working fluid temperature at
the outlet of heat exchanger#1, resulting in an improved specific power generation (Wye;,pc1).
However, once the outlet temperature reaches the upper limit, the continuous increase of the
mass flow of the thermal oil no longer affects the temperature of the working fluid at the
outlet of heat exchanger#1. As a result, there is no change in the specific power generation
(Wnetpc1) anymore. The power generation per unit mass flow of the thermal oil in Power
generation#1 (Wisrr) has a peak value at the turning point (K, = 0.75 for nitrogen and K, =

0.35 for argon), as shown in Figure 4.12.

Furthermore, as shown in Figure 4.13, the trend of the thermal efficiency of Power
generation#1 and that of the whole system are similar to the dependence of the specific power
generation on the mass flow ratio. Therefore, there is an optimal mass flow rate of the heat
source for this power generation system (K,z = 0.75 for nitrogen and K,z = 0.35 for argon),
which can maximize the thermal efficiency, the specific power generation, and the power
generation per unit mass flow of the thermal oil. Figure 4.14 shows the composite curves for

heat exchanger#1 under the condition of the highest thermal efficiency.
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Figure 4.13 Effect of the mass flow ratio of thermal oil to working fluid on thermal efficiency

(Power generation#1 and whole system).
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Figure 4.14 Composite curves of heat exchanger#1 with nitrogen (a) and argon (b) as working

fluids.
4.3.4.2 Effect of the mass flow rate of thermal oil: exergy analysis

Figure 4.15 and Figure 4.16 show the effects of the mass flow rate of the thermal oil on the
exergy efficiency (1) and the exergy destruction distribution, respectively. The highest
exergy efficiency occurs at the same point where the thermal efficiency is at the maximum
(Kot = 0.75 for nitrogen and Koi = 0.35 for argon), as illustrated in Figure 4.15. Figure 4.15
also shows that the exergy efficiency of the nitrogen system is much higher than that of the
argon system, suggesting that the use of nitrogen as a working fluid be a better option to
recover the waste compression heat of LAES and the cryogenic energy of LNG. From Figure
4.16, one can see that, with the increase of the mass flow rate of the thermal oil, the total
exergy destruction of the whole system decreases first due to a clear decrease of the exergy
destruction in the ambient heat exchanger. The total exergy destruction of the whole system is
seen to reach a minimum, after which the total exergy destruction increases mainly due to the

exergy destruction increase in heat exchanger#1.
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Figure 4.16 Exergy destruction distribution in each component of the whole system with

nitrogen (a) and argon (b) as working fluids.

4.3.4.3 Effect of the pressure drop of heat exchangers

The results discussed above carry an assumption that the pressure drops in all heat exchangers

are negligible. However, the pressure drop of heat exchangers may be a very important factor

that influences the system performance. Thus, in this section, the mass flow rates of both

thermal oil and LNG (nitrogen: King=0.30 and Koi = 0.75; argon: King= 0.20 and Ko = 0.35)
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are assumed to be fixed to study the effect of the pressure drop, as illustrated in Figure 4.17. It
can be seen that as the pressure drop increases from 0% to 2.0%, the total exergy input of the
whole system keeps almost constant, while the total exergy destruction of the whole system
increases, leading to a reduced total net energy output and the exergy efficiency of the whole
system. These results illustrate that the increase of every 1% in the pressure drop gives a

decrease of ~3.5% and ~7% in the exergy efficiency for nitrogen and argon as working fluids,
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Figure 4.17 Effect of the pressure drop in heat exchangers on system performance with

nitrogen (a) and argon (b) as working fluids.

4.4 Economic evaluation

The economic benefit to invest such a power generation system with nitrogen as the working
fluid is analysed. Since all configurations in Power generation#2 stay the same as the original
LNG regasification configurations in the LNG terminal, the economic analysis only considers
the electricity output and the capital cost of Power generation#1. The cost functions for all the
components in Power generation#1 are shown in Table 4.4. These cost functions are adopted
in this study because they have been very commonly used in the economic analysis of power
generation systems using LNG cold energy (-160 °C) [143,144] and other industrial waste
heat (100-200 °C) [145,146], and this temperature range can match the designed operating

temperature of Power generation#2 (-160°C - 200°C).In Table 4.4, Pi, and Poy represent the

98



inlet and outlet pressures of the working fluid, respectively; Ti, represent the inlet temperature
of the working fluid; gux is total exchanged heat flux of the heat exchanger; htc. and htc; are
convective heat transfer coefficients of the cold and hot side of the heat exchanger,
respectively; At and At.. are the temperature differences between the two streams at two
ends of the heat exchanger, respectively. Besides, cost indices are required to convert
purchased equipment cost into one that is accurate for the present time. In this work, the
Chemical Engineering Plant Cost Index (CEPCI) is referred to adjust for the effects of

inflation through time, where average annual value for 2018 of 603.1 is adopted [147].

Table 4.4 Cost functions for economic analysis.

System components Capital cost function Original year CEPCI
479.34-m P -
Turbine [146] (=) (14+€°7 ) 1996 381.7
092_ ntur Pout
71 ° 1 m l)out R)ut
Compressor [146] ~—2-In(—2%) 1996 381.7
0.9- com Pin Pin
0.65
1/ htc, +1/ htc
Heat exchanger [148] 1650 T ( < h)m 2001 3943
At + At
[AtinAtom( n 2 out }

According to [54], there is about 395 ton/day excess thermal oil for a standalone LAES
system (scale: SMW/40MWh). In the study of [54], an ORC system with R32 as the working
fluid was proposed to recover this part of excess heat (ambient-temperature cooling water is
used as cold source). For comparison, a LAES system with the same scale is assumed to be
integrated with the LNG regasification process through the way proposed in this chapter. All
the excess thermal oil from the LAES side is utilized for power generation with nitrogen as
the working fluid. In the analysis, the charging process of the LAES works for 8 hours per
day (off-peak time) and 300 days per year. Hence, Power generation#1 can work for the rest

of 16 hours at a rated power of 626 kW. The electricity rates of $291/MWh for peak time (8

99



hours) and $80.6/MWh for off-peak time (8 hours), the discount rate of 5%, and the project

lifespan of 15 years are employed in the calculation, all of which keep the same as [54].

The results are shown in Table 4.5. It is clear that this proposed power generation system has
a payback period of only 2.19 years and a saving to investment ratio of 4.73. This suggests
that building a waste energy-based power plant co-located with the LNG terminal and LAES
plant be more cost-effective than building a waste energy-based power plant located with the
LAES plant alone. In addition, the specific investment cost of this waste energy-based power

plant co-located with the LNG terminal and LAES plant is 1877 $/kW approximately.

Table 4.5 Economic analysis comparative results

Performance indexes System in this chapter System in [54]
Saving to investment ratio 4.73 2.78

Net present value ($) 4,379,880 2,690,991
Payback period (years) 2.19 3.1

Furthermore, the effect of the peak electricity tariff on the economic benefit has been
considered when the off-peak time electricity tariff is fixed at $80.6/MWh, as illustrated in
Figure 4.18. It can be seen that when there is no price difference between the peak and off-
peak electricity, the payback period is around 5.3 years. A higher price difference between the

peak and off-peak electricity can reduce the payback period significantly.
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Figure 4.18 Effect of peak electricity tariff on the payback period.
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4.5

Conclusions of Chapter 4

In this chapter, a power plant for recovering the high-grade cold energy from LNG (-160 °C)

and waste compression heat from the LAES system (200 °C) is proposed. This provides a new

way in the integration between the LAES system and the LNG regasification process. In this

way, the LAES system keeps the baseline configuration, and requires little construction work

to the existing LNG terminal, and hence make it more industrially feasible.

Nitrogen and argon are selected as the working fluids. Both energy analysis and exergy

analysis are conducted on this power plant under different working conditions to optimize the

working parameters, filling the gap in designing power plants working in a wide temperature

range. Some conclusions have been obtained as follow:

The optimal mass flow rate ratios of the working fluid to LNG to thermal oil are
achieved, which are 1:0.3:0.75 and 1:0.2:0.3 for this power generation system with
nitrogen and argon as working fluids, respectively. With the optimal mass flow ratio,
the power generations per unit mass flow of LNG/thermal oil, thermal efficiency
(nitrogen: ~27% and argon: ~28%), and exergy efficiency (nitrogen: ~40% and argon:
~32%) of this system could reach the maximum value.

Nitrogen is more suitable to work in this proposed power generation system than
argon, considering both the thermal efficiency and exergy efficiency of the whole
system. However, argon has a higher thermal efficiency in Power generation#1.
Every 1% increase in the pressure drop in heat exchangers could lead to ~3.5% and
~7% decrease in the whole system exergy efficiency for nitrogen and argon as
working fluids, respectively.

Under given circumstances, a waste energy-based power plant co-driven by the
excess heat from a LAES power plant (SMW/40MWh) and the waste cold from an

LNG terminal could achieve a payback period of 2.19 years and a saving to
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investment ratio of 4.73, which is more profitable than a waste energy-based power

plant only driven by the excess heat.
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Chapter S Liquid air energy storage for multi-energy-vector services

5.1 Introduction

The excess compression heat of the LAES system for power generation was discussed in
Chapter 4. This heat can also be used to provide the multi-energy-vector services. These include
electricity, heat and/or cold energy, and the latter can be of high demand. The excess
compression heat of ~200 °C can be used directly for heating or converted to cold energy for
cooling. As a result, a standalone LAES system has the potential to provide trigeneration

services.

As discussed in the previous chapters, the baseline LAES can produce a large amount of excess
heat, especially at low charging pressures. The excess heat is valuable if the baseline LAES is
used for a decentralized micro-energy network for residential communities and/or
industrial/commercial centres. In those cases, the performance of the baseline LAES, especially
at low charging pressures, is underestimated by only considering electrical energy in most of the
previous studies. Here, in this chapter, a new configuration of the standalone LAES is proposed
for combined cooling, heating, hot water and power (CCHHP) supply for decentralized micro-
energy networks. As will be shown, a high performance could be achieved for such a newly

proposed system even at low charging pressures.
5.2 The proposed standalone LAES for CCHHP supply
5.2.1 The baseline LAES for power supply

Figure 5.1 shows the conceptual and flow diagrams of the baseline LAES, which includes a
charging cycle (air liquefaction) and a discharging cycle (power recovery). During off-peak
hours, excess electricity is used to liquify air in the charging cycle: purified air (state 1) is
compressed to a high pressure (state 8), and in the meantime heat generated during air

compression is captured and stored in a thermal oil storage tank; the compressed air (state 8) is
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first cooled by cold methanol (state 20) from a methanol storage tank to bring air to the state 13;
the air is then cooled further by cold propane (state 22) from a propane storage tank to bring air
to the state 12; the low temperature air (state 10) expands in a cryo-turbine with a portion of the
air liquified and stored in the liquid air tank. During peak hours, the stored liquid air is used to
generate electricity in the discharging cycle: the liquid air (state 24) is pumped to a high pressure
(state 25) and then transfers cold energy to propane (state 23) and methanol (state 21) in turn,
which are stored and used for air liquefaction in the charging cycle; the room temperature air
(state 27) is further heated to a high temperature by the hot thermal oil in the thermal oil storage

tank, before entering a multi-stage air turbine to generate electricity.

The round trip efficiency of a large-scale standalone baseline LAES is around 50-60%. This
implies that the power recovered in the discharging process is only 50-60% of the power
consumed in the charging process. An energy balance across the baseline LAES would mean a
significant amount of excess heat stored in the thermal oil storage tank (see Section 5.3.1 for

more details).

**************************************************************************************************************************************

l —

2 |
Purified |
air |

28
Heater #1

Figure 5.1 Flow diagram of the baseline LAES for peak load shifting (i.e. power supply).

5.2.2 The proposed LAES for CCHHP supply

To make full use of the excess heat, an option is to generate extra electricity through a power
generation cycle. However, for cases where LAES plants are close to end users with demands on

different forms of energy and/or integrated with local micro-energy grids, the use of the excess
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heat for power generation is not necessarily the best option. This is because the end users not
only require electricity, but also cooling, heating and hot water supplies. In addition, the
conversion efficiency of low-grade heat (100-220 °C) to electricity is very low around 20% and
even lower in most cases [149], and the subsequent use of the electrical energy to produce
cooling, heating and/or hot water is not an efficient process and requires more capital investment.
Therefore, an LAES system for CCHHP supply is proposed that uses the compression heat to
generate cold energy and provide heating and hot water; see Figure 5.2 for the conceptual and
flow diagrams. This proposed system for CCHHP is more flexible, multi-functional, and

applicable to small scale applications.
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Figure 5.2 The proposed LAES for cooling, heating, hot water and power supply: (a) conceptual

diagram and (b) flow diagram.

In the LAES for CCHHP, the cooling is achieved with a double-effect LiBr-H,O refrigeration
cycle which gives a cooling temperature of 7 °C; the heating is realized through a heater by
heating inlet water at 60 to 85 °C; and the domestic hot water at 55 °C is obtained in a water
heater by heating cold tap-water with an average annual temperature of 10 °C in the UK (These
temperatures are taken based on practical applications). It should be noted that the high-pressure
water vapour (state 41) leaving the high-pressure generator (HPG) flows into either the heater or
the water heater through three-way valves to provide heating or domestic hot water, rather than
goes to the low-pressure generator (LPG). This is because it has a lower condensing temperature
(~90 °C), which is much lower than the thermal oil temperature (~180 °C). In addition, the low-
pressure water vapour (state 43) leaving the LPG still carries low-grade heat and is used for

domestic hot water.
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Demands for hot water and power are inevitable for almost all end users, whereas heating and
cooling requirements are optional in many cases. Therefore, to meet different end-user demands,
the following three working modes for this proposed LAES are considered, as illustrated in

Figure 5.3:

e Power, Hot water and Cooling supply in summer (PHC mode)
e Power, Hot water and Heating supply in winter (PHH mode)

e Power and Hot water supply in spring or autumn (PH mode)

From thermal oil 19 From thermal oil From thermal oil
storage tank storage tank storage tank

|

% LPG

51 39

Heater

40

Water heater Water heater
34 To thermal oil 34 To thermal oil

storage tank Sanitary water storage tank

W:g %% ] Water heater
- 44 34 To thermal oil

Sanitary water storage tank

Sanitary water

Cooling and hot water supply Heating and hot water supply Hot water supply in spring
in summer in winter and autumn

Figure 5.3 Three working modes of the proposed LAES for meeting end-user demand.

In the PHC mode, the excess heat is carried by the hot thermal oil (state 19) flowing in turn
through the HPG, the LPG and the water heater. Both the high-pressure water vapour (state 41)
generated in the HPG and the low-pressure water vapour (state 43) generated in the LPG transfer
their heat to the tap water in the water heater (for domestic hot water supply) before being
throttled to the same condensing pressure (state 45), and subsequently flowing through the
condenser and the throttle valve, and finally arriving at the evaporator to produce chilled water
(7 °C) for cooling. The hot thermal oil (state 39) leaving the LPG enters the water heater, where

it transfers the heat energy to the tap water to produce domestic hot water.
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In the PHH mode, the excess heat is carried by the hot thermal oil (state 19) flowing through the
heater first to heat the recirculating water (60 °C) for space heating, and then the water heater to

heat the tap water for domestic hot water supply.

In the PH mode, the excess heat is carried by the hot thermal oil (state 19), which flows through

the water heater to heat the tap water to produce domestic hot water.
5.2.3 Thermodynamic models
5.2.3.1 The charging and discharging processes

In the charging process of the LAES system for CCHHP supply, ambient air is purified first to
remove moisture, carbon dioxide and particulate matters before compression by multi-stage air
compressors. The power consumption of the air compressors, We.n, can be calculated by:

M cn ((h3,s B hz) + (hs s h4) + (h7 s he )

Weon = ’ ’ (.1
776‘0”1

where maircs 1s the air mass flow rate in the multi-stage air compressors in the charging process;
h; is the specific enthalpy with i corresponding to state i shown in Figure 5.2; #com is the

isentropic efficiency of air compressors; the subscript s represents an isentropic process.

For off-the-shelf products, screw compressors are widely used in industry for working pressures
lower than ~2 MPa due to reliability and low maintenance costs, whereas piston compressors are
for high pressure applications from ~3 to ~40 MPa [150]; see Figure 5.4. The screw compressors
have an isentropic efficiency of 0.65-0.7 and the isentropic efficiency of piston compressors lies

between 0.8 and 0.9 [151]. As a result, the selection of the compressors is shown in Table 5.1.
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Figure 5.4 Screw and piston compressors: capacity and working pressure.

Table 5.1 Selections of air compressor type [150] and efficiency [151].

Charging

pressure (MPa) Compression stages Compressor type Isentropic efficiency
Py,=2 2 Screw 0.68
2<Py=4 2 Piston 0.89
Pe>4 3 Piston 0.89

The compressed air (state 8) is cooled in turn via heat exchangers HE #1 and HE #2. The air
parameters at the outlet of the HE #1 and HE #2 are determined via energy conservation and

pinch point constraints:

hanolch'hzl_hzo 12 "\Uha ™3
fy = f, — et ( )+my, - (hy —hy) 52)

m

air,ch

M propane,ch “(hyy —hyy)+myy - (s — hyy)
m

hyy = hy (5.3)

air,ch
where Mumethanot,ch aNd Mpropane,ch are the mass flow rates of methanol and propane in the charging

process, respectively.
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The low-temperature compressed air (state 10) expands in the cryo-turbine with part of the air
liquefied. The power generated by the cryo-turbine (Wesyonr) and the liquid air yield (Y) are

given respectively by:

VVcr'yo—tur = mair,ch ’ n(’)yo—tur ’ (hlo - hll,s) (54)
m. . —m
Y — air,ch 12 (55)
mair,ch

where 7.ry0-u 18 the isentropic efficiency of the cryo-turbine.

During peak times, the stored liquid air is pumped to a high pressure by a cryo-pump. The power
consumption of the cryo-pump, Weo-pump, 1 calculated by:
M dgis * (hzs,s —hy,)

VVcryo—pump = (56)

77 cryo— pump

where 7eropump 18 the isentropic efficiency of the cryo-pump; mairqis is the mass flow rate of

liquid air in the discharging cycle.

The low-temperature liquid air (state 25) transfers cold energy in turn to propane and methanol
via the evaporator #1 and evaporator #2. The air outlet conditions can be determined by energy
conservation and pinch point constraints:

mpmpane,dis ) (h23 - h22)

Py = hys + S
m

air,dis

= h o+ M, ethanol dis “(hy, —hy)
h7 = I

” (5.8)

air,dis
where Mumethanotdis and Mpropane.ais are the mass flow rates of methanol and propane in the

discharging process, respectively.

The high-pressure air (state 27) is preheated by the hot thermal oil stored during air compression
in the charging process before entering the multi-stage air turbine to generate electricity. The
power generated by the air turbines, W,.,», can be calculated by:
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Wturb =M dis s ((hzg - h29,s) + (hso - h31,s) + (h32 - h33,s )) (5.9)

where 7. 1s the isentropic efficiency of the air turbines.

5.2.3.2 The LiBr-H:O refrigeration cycle

For the double-effect LiBr-H,O refrigeration cycle, the following assumptions are made to

analyse the cycle performance:

. Strong solutions (states 51 and 53) leaving the HPG and LPG are saturated; weak solution
leaving the absorber is saturated

. The highest solution concentration leaving the HPG and LPG is set at 0.64 to avoid
crystallization in pipelines; and the pump work is negligible in the cycle

. Refrigerant (water) is saturated at the outlet of the condenser and evaporator, and
experiences an isenthalpic process in the throttle valve

For the HPG and LPG, the excess heat carried by the hot thermal oil is used to heat the weak

solution for generating water vapour. The heat loads of the HPG (Qunrs) and LPG (Qipc) are

respectively calculated by the following energy conservation equations:

Oppe =Msy “hsy +my, - hy —mg, - hs, (5.10)

Oy pg =M - hyy +mys - hyy —(msy —ms,) - by, (5.11)
where mso, msi, ms; and ms; are the mass flow rates of the LiBr aqueous solution at different
states; ma; and m4; are the mass flow rates of the water vapour generated in the HPG and LPG,

respectively. Based on mass conservation in the HPG and LPG, one has:

my, = Mg, — M, (5.12)
my; = (my, —ms,) —mg, (5.13)

The water vapour generated in the HPG and LPG is condensed and combined. The mass flow

rates of the refrigerant (water), m,, in the condenser, evaporator and the absorber are given by:
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m, =My + My, (5.14)
The saturated liquid water at the outlet of the condenser is throttled to the evaporating pressure

before entering the evaporator to produce chilled water for cooling. The cooling capacity of the

evaporator, Qe is determined by:

Qeva = mw : (h48 - h47) (515)
The saturated water vapour in the evaporator is absorbed by the strong solution in the absorber.

The mass and energy conservation of the absorber gives:

Myg =M, + My (5.16)
Qs = Mg~ hsg +mm,, - hyg — g - g (5.17)
where Qs 1s the heat released in the absorber.

5.2.3.3 The district cooling, heating and hot water network

This proposed LAES system could supply cooling, heating and hot water for the decentralized
energy network by consuming the excess heat as mentioned above. The thermal loss (77s5) due
to the district energy network is selected as 5% of the energy supplied by the proposed LAES

system [152].

In the PHC mode, there is no heating. The hot water capacity (Qh-waer) and cooling capacity

(Oco0t) are obtained as:

Qcoo[ = (1 - nloss) ’ Qeva (5 1 8)

Opvater = A=110) - (myy - (g — hyy) +mys - (hys —hyy) +my, - (b — hy) (5.19)

where m,; is the mass flow rate of the excess heat carrying thermal oil.

In the PHH mode, heating capacity (Qnear) and hot water capacity (Qp-waer) are required by end-

users:
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Opear = A=1350) -y - (Mg = hyy) (5.20)

thwater = (1 _nloss) ' mo[l : (h40 _}134) (521)
In the PH mode, only hot water is in demand. Hence, the hot water capacity (Qnwaer) is

determined by:

thwater = (1 - nloss) ’ moil ’ (hl‘) - h34) (522)

5.2.3.4 Equivalent electricity production

As the excess heat in this proposed LAES system is used for providing different commodities
(cooling, heating and hot water) for decentralized energy network, it is necessary to convert the
different commodities into equivalent electricity production, for evaluating the nominal

electrical round trip efficiency in the next section.

Figure 5.5 shows the general ways to obtain cooling, heating, and hot water in the UK. At the
moment, cooling is usually achieved by mechanical chillers; hot water and heating are provided
through gas boilers. However, UK is promoting the application of air-source heat pumps for
heating or hot water as potential technologies for heat decarbonization by 2050. To evaluate the
equivalent electrical consumed by the end-users with the above ways, several assumptions are

made as follows:

*  @Gas boiler (condensing type) consumes natural gas to provide heating or hot water, which
has a thermal efficiency (#gas,mer) Of 90% [153]. As the consumed natural gas is used for
generating electricity in a combined gas turbine power plant, the thermal-to-electricity
efficiency (77gasele) 1S 50% [154]

*  The reversible air-source heat pump produces cooling at 7 °C in summer with R410A as the
refrigerant and screw-type compressors; in winter, it works reversely to provide heating or
hot water at 55 °C; the cooling (COP.) and heating (COP;) performances of the reversible
air-source heat pump are selected as 4.18 and 3.06, respectively (see discussions in the

following)
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Figure 5.5 The general ways to obtain cooling, heating and hot water in the UK, and equivalent

electricity calculations.

For the reversible air-source heat pump, the COP. and COP;, are calculated as follows,

W . (hcom,out,s - hcom,in)

ref ,com = mref

77 ref ,com

Mres.com = 0.07551+0.28995 -7 —0.04521- 7% +0.00279- r* —6.34x107 - r*

COB — Qcool
I/Vref ,com

CO])h — Qheat
ref ,com

(5.23)

(5.24)

(5.25)

(5.26)

where m,.r is the mass flow rate of the refrigerant; 7. com is the isentropic efficiency of the

refrigeration compressor (screw type) and is calculated based on the pressure ratio () between

the outlet and inlet of the refrigeration compressor [155].

Figure 5.6 shows the cooling and heating performance of the reversible air-source heat pump

under the climate conditions of London, UK in 2018. It can be seen that the COP, in summer is
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at 4.18 and the COP;, in winter varies between 2.94 and 3.17 with an average at 3.06, which is

mainly affected by the weather conditions.
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Figure 5.6 Cooling performance in summer and heating performance in winter of the reversible

air-source heat pump in London, UK.

In the current case with gas boilers for heating or hot water, the equivalent electricity production

of different commodities (cooling, heating and hot water) is defined as:

Qcool 77 gas ele : Qheat ngas,ele : Qh—water
Werss = cop © + (5.27)
c ngas Jther 77gas Jther

As air source heat pumps are used for heating or hot water in the UK in the future, the equivalent

electricity production of different commodities (heating and hot water) is calculated by:

— Qheat + Qh—water
“¥ COP, COP,

(5.28)
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5.2.4 Performance indexes
5.2.4.1 Electrical round trip efficiency

For the baseline LAES, electricity is stored in the form of liquid air at off-peak times, and the
stored liquid air is used to generate electricity at peak times. Therefore, the electrical round trip
efficiency of the baseline LAES, 7¢ rrz, is defined as the ratio of net power generation at peak

times to net power consumption at off-peak times:

4

wrb VVcryo—pump ) ' tdis

Mg rre =
- (W - I/Vcryo—tur) ) tch

(5.29)

com

where #.; and t4; are the charging and discharging time, respectively.

5.2.4.2 Maximum electrical round trip efficiency

The proposed LAES for CCHHP could generate not only electricity at peak times, but also
excess heat (stored in thermal oil) that cannot be fully used for power generation. Therefore,
considering the excess heat, the maximum electrical round trip efficiency (i.e., exergy efficiency)

of this LAES system, 77z rre max, 1S defined as:

77 _ (VVturb - I/Vcryo—pump) ’ tdis + moil ' exheat ’ tdis (5 30)
E_RTE _max — .
- - (VVcom - I/Vcry()—tur) : tch
where ex;eq: 1 the specific exergy of the excess heat, and can be calculated by:
exheat = (hl9 - hambient) - T;zmb ’ (S19 - Sambient) (53 1)

5.2.4.3 Nominal electrical round trip efficiency

For the proposed LAES for CCHHP, the nominal-electrical round trip efficiency (neRTE) is
defined as the ratio of the total power generation at peak times (net power generation by turbines
plus equivalent electricity production by different commodities) to the net power consumption at

off-peak times.
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For the current case of end-users using gas boilers for heating or hot water in the UK, the neRTE

of the LAES for CCHHP, 1z rrE, is defined as:

77 — (VVturb - I/Vcryo pump) ’ tdis + VVeqv gas ’ tdis (5 32)
NE _RTE .
- (Vme Wryo tur) t

For the future case where end-users use air-source heat pumps for heating or hot water, the

neRTE of the LAES for CCHHP is given as:

( turb cryo pump) dis + VVqu hp dzv
Nye_rre = W (5.33)
( com cryo z‘ur) t

5.2.4.4 Primary energy savings

The proposed LAES system for CCHHP stores excess (off-peak) electricity from national grid,
and then provides poly-generation for end-users at peak times, saving primary energy

consumptions (natural gas is assumed as the primary energy here).

For the current case with gas boilers for heating or hot water in the UK, the primary energy

savings of this proposed LAES system is defined as:

)+ W,

eqv, gm) dis

(( wr pump
E PES —

(5.34)

ngas—ele
For the future heating with air source heat pumps in winter, the primary energy savings of this
proposed LAES system is calculated by:
(( wr pump) + qu hp) tdls

Epp = (5.35)

77 gas—ele

5.2.4.5 Avoided carbon dioxide emissions

The proposed LAES system for CCHHP contributes to primary energy savings as mentioned

above, which avoids carbon dioxide emissions caused by the primary energy. For the current
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case with gas boilers in the UK, the amount of avoided carbon dioxide emissions by this

proposed LAES system is defined as:

)+ W

Meo, =& (W, =W, gvnzas ) Lais (5.36)

tur pump
For the future heating in winter with air source heat pumps, the amount of avoided carbon

dioxide emissions by this proposed LAES system is given as:

MCOZ = g ’ ((VV;W o Wpump) + VVeqv,hp) ’ tdis (537)

where £ is the emission factor, representing carbon dioxide emissions by a typical electricity mix,

and is selected as 0.38 kg-CO»/kWh [156].
5.3 Results and discussion

The default parameters used for the proposed LAES system for CCHHP supply are listed in
Table 5.2. The charging time for air liquefaction at off-peak times is set as 8 hours/day and the
liquid air is stored at 0.1 MPa; the discharging time for the power recovery process at peak times
is set as 4 hours/day; and the discharging pressure is set at 12 MPa considering that a higher inlet
pressure of air turbines would generate more power. The purified air in the charging process is
assumed to consist of nitrogen (78.12%), oxygen (20.96%) and argon (0.92%). The Dowtherm
G is chosen as the thermal oil and its properties are obtained from the ASPEN plus 8.8 software
package. The properties of the purified air, propane and methanol are obtained from the
REFPROP 9.0. The vapour pressure and enthalpy of the LiBr-H>O solution are obtained from
Patek and Klomfar [157] and Talbi and Agnew [158], respectively. The models are solved in the

MATLAB environment.

Table 5.2 Working parameters of the LAES system for CCHHP

Ambient pressure (MPa) 0.1
Ambient temperature (K) 293
Charging time #.; (hour/day) 8
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Liquid air storage pressure P24 (MPa) 0.1

Discharging pressure P»s (MPa) 12
Discharging time #,;; (hour/day) 4
Thermal oil storage temperature 75 (K) 293
Methanol storage temperature 7> (K) 293
Propane storage temperature 7>3 (K) 214
Minimum Approach Temperature of evaporators (K) 2
Minimum Approach Temperature of HEs, Heaters and Coolers (K) 5
Isentropic efficiency of air turbines 0.9
Isentropic efficiency of cryo-turbine 0.8
Isentropic efficiency of cryo-pump 0.7
Minimum usable temperature of hot thermal oil (K) 298
Evaporating temperature in the evaporator (K) 278
Condensing temperature in the condenser (K) 308
Absorbing temperature in the absorber (K) 308

Table 5.3 shows the representative performance of the proposed LAES system for CCHHP
supply, where both the charging and discharging pressure are at 12 MPa. With a given power
consumption of 8§ MWh (1IMWx8h) in the charging process at off-peak times, the proposed
LAES system provides 44 MWh peak electricity and 2.64 MWh excess thermal energy
available for heating and cooling applications; the maximum electrical round trip efficiency (i.e.,

exergy efficiency) reaches 0.64 with the contribution of the excess thermal energy.

Table 5.3 Representative performance of the proposed LAES system for CCHHP.

Results PHC PHH PH
Electricity consumption during charging (MWh) 8 8 8
Electricity generation during discharging (MWh) 4.40 4.40 4.40
Electrical round trip efficiency 0.55 0.55 0.55
Cold energy stored (MWh) 3.73 3.73 3.73
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Thermal energy stored (MWh) 5.86 5.86 5.86
Thermal energy available for other applications (MWh) 2.64 2.64 2.64
Maximum electrical round trip efficiency 0.64 0.64 0.64
Thermal energy available for heating (85 °C, MWh) 0 2.10 2.64
Thermal energy available for hot water (55 °C, MWh) 1.94 0.54 0
Thermal energy available for cooling (7 °C, MWh) 0.70 0 0

5.3.1 Performance of the baseline LAES over a wide range of charging pressure

In the charging process, the purified air is compressed to a high pressure (the charging pressure),
and is then cooled down for air liquefaction. The compressed air requires different cooling
capacities under different charging pressures, as shown in Figure 5.7. When the charging
pressure is below the critical pressure of the air (3.85 MPa), there is a phase change as the air is
cooled to its dew point, which requires more cold energy. Therefore, the performance of the

baseline LAES at a charging pressure below the critical point will differ from that above the

critical pressure.
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Figure 5.7 Properties of compressed air under different charging pressures.
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Figure 5.8 shows the effect of the charging pressure on the liquid air yield for the baseline LAES
system operated between 1 and 21 MPa. The liquid air yield is seen to increase significantly first
from 0.214 to 0.432 as the charging pressure increases from 1 to 4 MPa mainly due to a
significant decrease in the cooling capacity required for air liquefaction, as shown inFigure 5.7.
It then increases gradually from 0.432 to 0.885 with the charging pressure increasing from 4 to
19 MPa due to a gradual decrease in the required cooling capacity (see Figure 5.7). Finally, the
liquid air yield is seen to stabilize at 0.885 when the charging pressure goes above 19 MPa
mainly because a further increase in the charging pressure has little effect on the cooling

capacity required for air liquefaction.
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Figure 5.8 Effect of charging pressure on the excess compression heat (expressed as the ratio of

the hot thermal oil mass to the air mass) and liquid air yield for the baseline LAES.

Figure 5.8 also shows the effect of the charging pressure on the production of excess
compression heat, which is expressed as the mass ratio of the excess hot thermal oil to the
compressed air in the charging process. The reason for using such a ratio is because the amount
of hot thermal oil produced during air compression is proportional to the amount of compressed

air. With a given compressed air mass flow rate in the charging process, a higher charging
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pressure not only leads to more generation of compression heat (i.e. more hot thermal oil stored),
but also produces more liquid air which consumes more compression heat to heat it up for
generating power in the discharging process. Finally, the net stored compression heat (i.e. excess
thermal oil) will fluctuate depending on the charging pressure. One can see that the excess hot
thermal oil to compressed air mass ratio decreases dramatically from 0.95 to 0.65 when the
charging pressure increases from 1 to 4 MPa. This is mainly due to the significant increase of
liquid air yield, leading to the increasing consumption of hot thermal oil in the discharging
process. The mass ratio increases significantly from 0.65 to 0.91 when the charging pressure
increases from 4 to 5 MPa. This is mainly because a three-stage compression is used in this case
(see Table 5.1), which produces more hot thermal oil in the charging process. When the charging
pressure increases from 5 to 9 MPa, the mass ratio decreases dramatically from 0.91 to 0.66,
mainly due to the significant increase in the liquid air yield. The mass ratio is stabilized at ~0.66
when the charging pressure increases from 9 to 12 MPa, which can be explained as a balance has
been reached between the increasing hot thermal oil consumption in the discharging process and
the increasing hot thermal oil generation in the charging process. The mass ratio is seen to
decrease from 0.66 to 0.5 when the charging pressure increases from 12 to 19 MPa, due to an
increased liquid air yield. As the charging pressure increases above 19 MPa, the mass ratio
shows a gradual increase, which can be explained by the fact that the amount of hot thermal oil
generated in the charging cycle increases but the liquid air yield remains stable. In summary, the
baseline LAES has a lower liquid air yield, but produces more excess heat at low charging

pressures of 1-7 MPa.

The effect of the charging pressure on the performance of the baseline LAES is shown in Figure
5.9 for an air mass flow rate in the charging process at 2 kg/s. Figure 5.9 (a) plots the power
consumption of compressors, power generation of turbines, and the amount of excess heat
generated under different charging pressures. Power consumption of air compressors in the
charging process is seen increasing significantly from 4.93 to 7 MWh as the charging pressure

increases from 1 to 2 MPa. There is a decrease in the power consumption to 6.18 MWh when a
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further increase in the charging pressure from 2 to 3 MPa. This is because piston compressors
with higher isentropic efficiency are selected for charging pressures above 2 MPa; see Table 5.1.
When the charging pressure increases further from 4 to 5 MPa, the power consumption of air
compressors decreases slightly from 7 to 6.83 MWh due to the three-stage compression process
being chosen at a charging pressure above 4 MPa (see Table 5.1). At a charging pressure above
5 MPa, a gradual increase in the power consumption of air compressors occurs with increasing
the charging pressure. Figure 5.9 (a) indicates the amount of power generation by air turbines
increases significantly from 1.32 to 6.41 MWh when the charging pressure increases from 1 to
19 MPa. This is clearly due to the significant increase in the liquid air yield over the charging
pressure range, as shown in Figure 5.8. There is a slight increase in the amount of power
generation from 6.41 to 6.52 MWh with a further increase in the charging pressure from 19 to 21
MPa, which is mainly due to the increasing temperature of the hot thermal oil while the liquid
air yield remains unchanged. Figure 5.9 (a) also shows that the excess compression heat carried
by the hot thermal oil decreases from 4.94 to 2.34 MWh with the charging pressure increasing

from 1 to 21 MPa.
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Figure 5.9 Effect of charging pressure on the performance of the baseline LAES.

Figure 5.9 (b) shows the effect of the charging pressure on the Electrical Round Trip Efficiency
(eRTE) for the baseline LAES with and without the consideration of excess heat. For the case
without excess heat, a dramatic increase occurs in the eRTE from 26.7% to 41.1% when the
charging pressure increases from 1 to 3 MPa. This is clearly due to the significant increase in the
liquid air yield over the pressure range. A slow rate of increase in the eRTE is seen with a
further increase in the charging pressure from 3 to 19 MPa. The eRTE at 19 MPa reaches 61.7%.
However, a further increase in the charging pressure from 19 to 21 MPa shows a decrease in the
eRTE from 61.7% to 60.8%. This is mainly due to the increasing power consumption of air

compressors in the charging process when the liquid air yield remains unchanged.

Figure 5.9 (b) suggests that the eRTE with excess heat (i.e., the maximum electrical round trip
efficiency) lies between 48% and 69% and is much higher than that without excess heat.
Importantly and somewhat unexpected, the baseline LAES with excess heat also has a high
eRTE at lower charging pressures; a local maximum of 62% is achieved at a charging pressure
of ~4 MPa. As a result, the performance of the baseline LAES, especially at low charging
pressures has been somewhat underestimated in the past. The main reason for this is that the past

research has only considered eRTE with the excess heat ignored, which can be highly valuable
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for small scale applications such as the integration of the baseline LAES with decentralized local
micro-energy networks where there are demands on heating, cooling and hot water on top of

power.

The discussion above suggests the potential of a multi-functional LAES, namely the LAES
system for CCHHP as described earlier in this chapter. The analyses in the following sub-
sections will be on the proposed LAES system for CCHHP, where a direct comparison will be
made on the supply capacities (cooling, heating, hot water, and power) in the discharging
process with the same power consumption in the charging process (namely, the air flow rate
varies with the charging pressure). As this multi-functional LAES is mainly applicable to
decentralized local micro-grids, we shall consider the net power consumption in the charging
process as 1 MW and the charging lasts for 8 hours (the total power consumption=8 MWh, ~20-
40 tons/day of liquid air). This scale of LAES system (daily production ranging between few
tons and a few tens of tons of liquid air) has been widely studied in recent years [47,82,159,160].
The working performance of air liquefaction processes (10 tons/day of liquid air), including
Linde-Hampson process, Claude process and Kapitza process, were investigated by Borri et al.
[47]. Their results showed a power consumption of 0.5-2.5 kWh to produce lkg liquid air
without cold recovery process which can demonstrate the industrial feasibility of the micro-grid

scale air liquefiers.

5.3.2 The LAES for power, hot water and cooling supply in summer

A Sankey diagram of exergy flow in the proposed LAES system is shown in Figure 5.10 for
providing power, hot water and cooling in summer (PHC mode), where both the discharging and
charging pressure are at 12 MPa. The charging cycle and discharging cycle have a high exergy
efficiency of 87% and 84%, respectively, while the conversion of excess heat to cooling and hot

water has a low exergy efficiency of 20%.
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Figure 5.10 Sankey diagram of exergy flow in the proposed LAES system for providing power,

hot water and cooling in summer (charging/discharging pressure at 12 MPa).

Figure 5.11 shows the supply capacity of the proposed LAES for power, hot water, and cooling
(PHC) during discharging, for a given power consumption of 8 MWh (1IMWx8h) in the
charging process. The cooling supply capacity has an overall decreasing trend, changing from
1.36 to 0.28 MWHh, as the charging pressure increases from 1 to 21 MPa. Fluctuations in the
cooling supply capacity are observed between 1-7 MPa due to changes in the excess heat
generation as a result of changes in the compressor type and/or compression stage, as explained
earlier in this chapter. The hot water supply capacity decreases gradually from 5.72 to 1.4 MWh
as the charging pressure increases from 1 to 21 MWh. The LAES in PHC mode is seen to give
the largest power supply capacity of 4.94 MWh at a charging pressure of 19 MPa. However, at
this charging pressure, the cooling and hot water supply capacities are at a low level. At a
charging pressure of 1 MPa, the LAES in PHC mode has the lowest power supply capacity of
2.14 MWh, while the cooling and hot water supply capacities are at the largest, being

respectively 1.36 and 5.72 MWh.
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Figure 5.11 Supply capacity of the proposed LAES system for power, hot water and cooling in

summer.

5.3.3 The LAES for power, hot water and heating supply in winter

Figure 5.12 shows the supply capacity of the proposed LAES for power, hot water and heating
(PHH) during discharging for a given amount of power consumption of 8 MWh (IMWx8h)
during charging. One can see that the heating supply capacity decreases gradually from 4.72 to
1.22 MWh as the charging pressure increases from 1 to 21 MPa. This gives the minimum
heating supply capacity of 1.22 MWh at the charging pressure of 21 MPa. The hot water supply
capacity varies between 0.27 and 1.36 MWh with the charging pressure increased from 1 to 21
MPa, and the maximum and minimum hot water capacities occur respectively at a charging
pressure of 1 and 21 MPa. At the charging pressure of 1 MPa, the proposed LAES in PHH mode
has the lowest power supply capacity, but provides the largest heating and hot water supply
capacities. At the charging pressure of 19 MPa, the proposed LAES in PHH mode has the largest

power supply capacity, but gives much lower heating and hot water supply capacities.
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Figure 5.12 Supply capacity of the proposed LAES system for power, hot water and heating in

winter.

5.3.4 The LAES for power and hot water supply in spring or autumn

Figure 5.13 shows the supply capacities of the proposed LAES for power and hot water (PH)
during discharging, for a given amount of power consumption of 8 MWh (IMWx8h) in the
charging process. The hot water supply capacity decreases quickly and considerably from 6.09
to 2.79 MWh as the charging pressure increases from 1 to 8 MPa; this is followed by a slow
decrease from 2.79 to 1.49 MWh with a further increase in the charging pressure from 8 to 21
MPa. The LAES in PH mode has the highest hot water supply capacity of 6.09 MWh at the
charging pressure of 1 MPa at which the power supply capacity is at the lowest of 2.14 MWh.
As the charging pressure is at 19 MPa, the LAES in PH mode gives the maximum power supply

capacity of 4.94 MWh but a much lower hot water supply capacity of 1.66 MWh.
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Figure 5.13 Supply capacity of the proposed LAES system for power and hot water in spring or

autumn.

5.3.5 Nominal electrical round trip efficiency

The nominal-electrical round trip efficiency (neRTE) of the proposed LAES system for CCHHP
is shown in Figure 5.14 with the three working modes of PHC in summer, PHH in winter, and
PH in spring or autumn in the UK. The value of the neRTE is affected by the power
consumption of air compressors, liquid air yield and the amount of excess heat. An increase of
the charging pressure would increase the power consumption of air compressors, but the effect

on the liquid air yield and the amount of excess heat is different (see Figure 5.8).
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Figure 5.14 The nominal electrical round trip efficiency of the proposed LAES system for

CCHHP supply.

The neRTE increases significantly as the charging pressure increases from 1 to 5 MPa, as shown
in Figure 5.14 (a), which is mainly due to the dramatic increase of the liquid air yield. A further
increase of the charging pressure to 7 MPa leads to a gradual decrease of the neRTE, resulting

from the decrease of the amount of excess heat and the increase of power consumption of air
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compressors. With the charging pressure increasing from 7 to 17 MPa, the neRTE increases
gradually because of the gradual increase of the liquid air yield. A further increase of the
charging pressure results in the decrease of the neRTE which is mainly affected by the increase
of power consumption of air compressors. Overall, the proposed LAES for CCHHP supply has a
high neRTE, ranging between 52% and 76% under the studied conditions. The highest neRTE of
76% is achieved as the charging pressure is ~5 MPa for summer conditions. A high neRTE is

also observed with the charging pressure at 5 MPa for winter, spring and autumn conditions.

Figure 5.14 (b) compares the neRTE of the proposed LAES system for winter conditions (PHH
mode) with gas boilers (the current case) and air-source heat pumps (the future case). For the
current case using gas boilers for heating and hot water, the proposed LAES system in PHH
mode has a high neRTE above 70%. As air-source heat pumps are used for heating and hot
water in the future, the proposed LAES system in PHH mode has a lower neRTE, indicating air-
source heat pumps are more energy-efficient than gas boilers. Finally, the proposed LAES
system for CCHHP supply is suggested to work at the charging pressure of 5 MPa, which has

the local maximum neRTE and contributes to a lower capital cost.

5.3.6 Primary energy savings and avoided carbon dioxide emissions

Figure 5.15 shows the potential of the proposed LAES system to reduce primary energy
consumptions and carbon dioxide emissions with the charging pressure at 5 MPa, where power
consumption is 8 MWh (1IMWx8h) in the charging process. The primary energy savings of the
proposed LAES system vary between 10.1 and 12.1 MWh, with the maximum achieved in the
summer conditions (PHC mode). The avoided carbon dioxide emissions fluctuate between 1.9
and 2.3 ton, indicating that the proposed LAES system for CCHHP supply is promising to

reduce carbon emissions and contribute to a low carbon future.
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Figure 5.15 Primary energy savings and avoided carbon emissions by the proposed LAES

system for CCHHP supply (charging pressure at 5 MPa)
5.4 Conclusions of Chapter 5

This chapter first investigates the performance of a standalone LAES (termed as a baseline
LAES) over a range of charging pressure of 1-21 MPa, which is far wider than conventionally
considered charging pressure of ~10 MPa. It is found that the baseline LAES could achieve a
maximum eRTE above 60% at a charging pressure of 19 MPa. The baseline LAES, however,
produces a large amount of excess heat, particularly at low charging pressures with the
maximum at ~1 MPa. Such excess heat can be valuable if the baseline LAES is used for a
decentralized micro-energy network for residential communities and/or industrial/commercial
centres. In such cases, the performance of the baseline LAES, especially at low charging

pressures, is underestimated by only considering electrical energy in the past.

By considering the excess heat, the eRTE of the baseline LAES is evaluated, which shows a
high value even at lower charging pressures; the local maximum of 62% is obtained at ~4 MPa
and the overall maximum of 69% is observed at 19 MPa. Therefore, the baseline LAES has the
potential to achieve a high efficiency at low charging pressures by the effective use of the excess

heat.
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A new LAES system is then proposed by using the excess heat for combined cooling, heating,
hot water and power (CCHHP) supplying for decentralized micro-energy networks. To evaluate
the efficiency of the proposed LAES system for CCHHP use, the energy for supply cooling,
heating and hot water is turned into equivalent electrical energy and a nominal-electrical round
trip efficiency (neRTE) is proposed for the evaluation of this proposed LAES performance.
What’s more, the primary energy savings and avoided carbon dioxide emissions are also
evaluated for the proposed LAES system for CCHHP supply. Three operation modes of the
proposed system are studied to meet the end-user demands: Cooling, Hot water and Power
supply in summer; Heating, Hot water and Power supply in winter; Hot water and Power supply
in spring and autumn. Weather conditions of London in 2018 are selected to further analyse the

working performance of this proposed system.

The results show that this proposed LAES for CCHHP can achieve a high neRTE between 52%
and 76%, with the maximum achieved at a lower charging pressure of ~5 MPa. The primary
energy savings and avoided carbon dioxide emissions are up to 12.1 MWh and 2.3 ton per day,
respectively, with a given power consumption of 8 MWh (IMW=x8h) in the charging process,
indicating that this proposed LAES system is promising to contribute to a low carbon future. For
the first time, these new findings suggest that small-scale LAES systems can be best operated at
low charging pressures and that the technologies have a great potential for applications in local

decentralized micro energy grids.
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Chapter 6 Integration of decoupled liquid air energy storage with

thermoelectric generator

6.1 Introduction

In the literature review (Chapter 2), it was shown that the coupled LAES systems have been
extensively studied, whereas the decoupled LAES systems have a great potential but have been
seldomly investigated. It is very common to recover the cryogenic energy during liquid
air/nitrogen evaporation through direct cooling and power generation with some common power
generation cycles (cryogenic engine for transport and Brayton/Rankine cycles for other sectors)
[109,117-119]. However, for most of application scenarios, the direct cooling is usually exergy
destructive as the heat transfer temperature difference is huge (around 200 °C), whereas power

generation with Rankine/Brayton cycles incurs a high capital cost.

Thermoelectric generator (TEG) provides a solution, which has been widely investigated to
recover waste heat for power generation through the so-called Seebeck effect [161]. Little has
been done on the use of the TEG to recover the cryogenic energy for electricity generation
(denoted as Cryo-TEG in this work). Lobunets et al. [162] built a Cryo-TEG prototype with a
power output of 800W, where liquid nitrogen was selected as the working fluid. This prototype
achieved a low Levelized Cost of Electricity (LCOE) of ~0.015 $/kWh, which was much lower
than the Rankine/Brayton power plants (~0.04-0.05 $/kWh) [139]. These results suggest that the
Cryo-TEG be a promising technology for cryogenic energy recovery in the decoupled LAES

system in terms of the LCOE.

A cryogenic thermoelectric generation (Cryo-TEG) system is therefore proposed for cost-
effectively recovering and utilising the cryogenic energy from the decoupled LAES system.
Thermodynamic and economic analyses are performed on the Cryo-TEG using liquid nitrogen

as the cold source. The results are compared with conventional cryogenic Rankine cycle (Cryo-
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RC) based method. The use of Cryo-TEG in a decoupled LAES system is investigated for

cooling and power supply in a decentralised energy network.

6.2

The proposed decoupled LAES system

6.2.1 System configuration

Figure 6.1 shows a schematic diagram of the decoupled LAES system integrated with Cryo-TEG

for cooling and electricity supply for a distributed energy network. The whole system includes

air liquefaction, transportation, distribution and power generation:

The liquid nitrogen/air is produced by renewable energy in a charging cycle (i.e., air
liquefaction) and then is transported to distributed energy networks, such as commercial
buildings, domestic houses, and industrial parks etc.

When energy is in demand, the liquid air/nitrogen is released to generate electricity in a
discharging cycle (i.e., power generation): liquid air/nitrogen (state 1) is pumped to a high
pressure (state 2), releases cryogenic energy to the Cryo-TEG to generate electricity (state
3), and then further releases the remaining cold energy to chilled water (7 °C) for cooling
supply (state 4); finally, the high-pressure air is heated by a waste heat source (state 5)
before expanding in a multi-stage turbine to generate electricity, where cold energy carried
by the exhaust air/nitrogen at each stage is recovered for cooling supply. The waste heat
source varies between 20 and 100 °C with a default temperature of 60 °C, which could be
easily obtained from industrial waste heat or solar energy and hence is regarded as a free

heat source.
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Figure 6.1 Schematic diagram of the decoupled LAES system integrated with Cryo-TEG

The general schematic structure of one typical Cryo-TEG is shown in Figure 6.2 (a), in which
M (row) x N (column) thermoelectric modules are used for cryogenic energy recovery. A
rectangular heat exchanger with counter flow is arranged for cold and hot streams separately.
The distribution of thermoelectric modules in the Cryo-TEG system is simplified in Figure 6.2
(b): M rows and N columns thermoelectric modules are arranged in the system for power
generation. The thermoelectric modules installed in the same row are connected both thermally
and electrically in serial, and each row is connected thermally and electrically in parallel with
each other. Thus, the thermoelectric modules in the same column could be considered to have

the same temperature distribution, thermodynamic performance and power output.

136



Hot fluid
channel

Hot source

Hot junction

Thermoelectric

module
A
Codjunction| .~ | Cold source
Cold fluid =
channel
(a)
M thermoelectric modules
in one column
M ------
3] | | e
2 ......
1 2 3 ...... N ‘
N thermoelectric modules
(b) in one row

Figure 6.2 Schematic diagram of a cryogenic thermoelectric generator: (a) Overall structure; (b)

A simplified layout.

6.2.2 Thermodynamic model

6.2.2.1 The discharging process

The cooling capacity (Qraescooiing) and the electricity (Wi4es) provided by the decouple LAES

system, as well as the external heat required (Qr4esres) for air superheating before expansion can

be calculate by:

QLAES,cooling =My, '[(h4 - }%) + (h7 - hﬁ) + (h'IO - h@) + (}’13 - hlz)] (6.1

Wiies = ( W =W, )+WTE (6.2)

cryo—pump

QLAES,heat =mpy, - [(hs —h)+(hs—h)+(h, - hlo)] (6.3)
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W My, M I:(hs - hé,s) + (hg - h‘),x) + (hll - hlZ,s )] (6.4)

_ (hz,s B hl)
cryo—pump _mLN2 T (65)
ncryo— pump

where, my, represents the mass flow rate of liquid nitrogen; 4; is the specific enthalpy of liquid
nitrogen at state 7; subscript s represents an isentropic compression or expansion process; #ermo-
pump a0d 7 are the isentropic efficiency of the cryo-pump and multi-stage turbine, respectively;
Wby Werpo-pump and Wre represent the electricity generated or consumed by the multi-stage

turbine, cryo-pump and the Cryo-TEG, respectively.

The electrical round trip efficiency of the decoupled LAES system (#£ zrz) is defined as the ratio
of net power generation per unit liquid nitrogen during the discharging cycle to net power

consumption to produce per unit liquid nitrogen during the charging cycle (Drn2):

W, ies
Ne g = 6.6
R (6.6)

LN,

where, Dz is selected as 1350 kJ/kg [110].

Besides, the combined cooling and power (CCP) efficiency of the decoupled LAES system with

the consideration of the cooling capacity could be obtained as:

w

LAES +QLAES,cooling

Neep = (6.7
«r mpy, DLN2 )

6.2.2.2 The cryogenic thermoelectric generator (Cryo-TEG)

The thermoelectric modules arranged in the same column is considered having the same
temperature distribution. Thus, a two-dimension model for one row of the thermoelectric
modules is built to analyse the overall performance of the Cryo-TEG, as illustrated in Figure 6.3.
The following assumptions are used in the modelling process, which are very common for TEG

modelling [163,164]:

e  Both the cold-side and hot-side of the Cryo-TEG are well insulated;
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o  The thermal resistances between the cold/hot surface and the thermoelectric module are
neglected;

o The flow distributions of the cold and hot streams in the thermoelectric module are
uniform;

e  The temperature distributions of the hot and cold junctions in one thermoelectric module
are uniform;

e The Seebeck coefficient, thermal conductivity and resistivity of the thermoelectric
module are constant.

Tein(i) Teou(N)
” S

Tc,in(N)
-«

Tei (D) Tg (1) Tg(N)

Ty (1) Ty (1) Ty () T (N)

—

—
Thin (1) Th,ou (N)

Thou(D) T (D) Thou (i) Thin(N)

Figure 6.3 One representative row of the thermoelectric modules in the Cryo-TEG

Based on these assumptions, the heat balance in the hot side of the module i could be expressed

as:

0,(i) =K F(T,,.()~T, (i) = % By D)=y () (6.8)

]1h,in (l) + T;:,out (l)
2

T, (D) = (6.9)

where QOx(i) represents the heat released from the heat source to the module i; 75(i) represents
the hot junction temperature at the module #; Thin(7), Thouw(i) and Ty ae(i) are the inlet
temperature, outlet temperature and average temperature of the hot stream at the module i,
respectively; m/M is the mass flow rate of the hot stream in each module; /4,i,(7) and %, ou(i)
represent the inlet and outlet enthalpy of the hot stream at the module i, respectively; K; and F;
are the heat transfer coefficient and the heat transfer surface area of the hot side of the module 7,

respectively. K;F; could be affected and optimized by the heat exchanger geometry and structure
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[165,166]. In the following analysis, K/FI is fixed at 5.5 W/K, where the heat transfer surface
(F7) for one typical module is 50x50 mm? and the heat transfer coefficient (K;) is 2200

W/(m?-K) which can be easily achieved by turbulent flow [167].
In the same way, the heat balance in the cold side of the module i could be expressed as:

mC

0.() =K (T, () =T, e (D) =

(B D)= h_,;, (D)) (6.10)

T (D)+T .
T;’,ave(i): . (Z) 5 C,out(l)

(6.11)

where Q.(i) represents the heat released from the module i to the cold source; 7.(i) represents
the cold junction temperature at the module 7 Ttin(i), Tcou(i) and Teae(i) are the inlet
temperature, outlet temperature and average temperature of the cold stream in the module i,
respectively; m./M represents the mass flow rate of the cold stream in each module; 4. (i) and
heou(i) represent the inlet and outlet enthalpy of the cold stream in the module i, respectively. K>
and F represent the heat transfer coefficient and the heat transfer surface area of the cold side of
the module i, respectively. K>F> is fixed at 5.5, where the heat transfer surface (F>) for one
typical module is 50x50 mm? and the heat transfer coefficient (K>) is 2200 W/(m?-K) which can

be easily achieved by liquid nitrogen or liquid air [162,168].

The heat released by the heat source, Qx(i), is split into three parts which are caused by Seebeck

effect Ony(i), thermal conductance Ok(7), and Joule heating Q;(i) [169], as shown in Figure 6.4:

0, =0, ) +0,(1)—0.50,() (6.12)
0,, () = SI,T,, (i) (6.13)

O (1) = Ko (T, (1) = T,;(D)) (6.14)
0,()=1;R, (6.15)
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where S is the Seebeck coefficient; Iy is the electric current; Ky represents the thermal
conductance of the thermoelectric module; R represents the internal resistance of the

thermoelectric module.

Tc,out(i) Tc,in(l')
- Tc,ave(l') TQc(i) -
I
Qer()+Qu(1)+0.5Qi(?)

A

o) |
P(0)=Qnu(1)-Q:(?)
TEG Module ~——F—
|
th(l')+Q?k(l')-0.5Qj(l')
Th,in(i) Th,a\e(i) |Qh(i) Th,out(l')

Figure 6.4 Transfer of heat flux through the TEG module

Similarly, the heat received by the cold source, Q.(i), is split into three parts which are caused by
Seebeck effect Qc,(7), thermal conductance Qk(i), and Joule heating Q;(i) [169], as shown in

Figure 6.4:

0.()=0,1H+0,()+0.50,() (6.16)

0,,)=S81,T,(i) (6.17)

The power generation of the Cryo-TEG, Wrz, could be calculated as [169,170]:

Wi = 2 M(Q,()~0.(1) (6.18)

The power generation per unit mass flow of the cold stream (wre.) and the hot stream (wrz;) in

the Cryo-TEG system are defined as:

WTE
Wi =—& 6.19
e = (6.19)
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W,
Wrp, = —5 (6.20)

m,

The thermal efficiency of the Cryo-TEG, #rg, could be calculated as:

w.
e = =

i MO, (i) (6.21)

The exergy efficiency of the Cryo-TEG, 7rz.x, is defined as the ratio of the total useful exergy

output to the total exergy input:

W _ Wi
nTE,ex (622)
Exin (E'xc,in (N) - Exc,out (l)) + (Exh,in (1) - Exh,out (N))
where EXx is the exergy of cold and hot streams, which could be calculated by:
EX =m-ex=m-: [(h - hambient) - T;mbient : (S - Sambient )] (623)

where s is the specific entropy.

In the above model, the inlet temperatures of the hot stream T (1) and cold stream T ;,(N) are
known (input values). To obtain the accurate outlet parameters, iteration method and trial
method are used to solve the model, as shown in Figure 6.5. In the Cryo-TEG modelling process,
Tnin(1) is the given condition to solve the Equations (6.8)-(6.17), and T.i(N) is the given
condition to verify the results. Two iteration loops are employed to get the final output

parameters of every single TEG module and the overall Cryo-TEG system, respectively.
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Figure 6.5 Flow chart of the iteration procedure for the Cryo-TEG model

6.2.3 Economic model of the Cryo-TEG system

In order to evaluate the economic benefit of the Cryo-TEG, an economic model is built. The
investment expenditures of the thermoelectric modules in the Cryo-TEG are calculated with the

price of $1.67/W [171]. Besides, all the thermoelectric modules are mounted on a heat
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exchanger, and the investment cost of the heat exchanger is estimated with the following

equation [148]:

0.65

—+
K, K DCEPC12019
At. + At }1/3 CEPCI,,,

(6.24)

where guy is total exchanged heat flux of the heat exchanger; K; and K, are convective heat
transfer coefficients of the cold and hot side of the heat exchanger, respectively; At;, and Az, are
the temperature differences between the two streams at two ends of the heat exchanger,
respectively. Cost indices are required to convert purchased equipment cost into one that is
accurate for the present time. In this work, the chemical engineering plant cost index (CEPCI) is
referred to adjust for the effects of inflation through time, where average annual value for 2001
and 2019 are 394.3 and 607.5, respectively [147]. Thus, the capital cost of the Cryo-TEG,

CAPEXrec-FH, can be calculated by:

CAPEX 1y 1y = Ly +1,,,=1.6TW,, +1,,, (6.25)

Formula (6.25) is applied to the situation that the ambient heat or free waste heat is used as the
heat source in the Cryo-TEG system for power generation. If the heat source used in the Cryo-
TEG is produced by the solar collector, the investment of the heating equipment (solar collector)

needs to be considered in the initial investment, which is given as:

CAPEXTEG—so[ar = ]TE +]HX +]solar:1'67WTE +1HX +Isolar (626)
Ootar W..x(hours /| year)/n
Isolar: 1 x ]solar/m2 - = q = X solar/m? (627)
solar/m> solar/m?

where QOsolar 18 the heat required from the solar collect for Cryo-TEG use per year; gsolarim® 1S the
estimated annual heat production per square meter by solar collector, which normally could
reach about 0.5-1 MWh/m? per year in different areas [172], and gsolarm=0.7 MWh/m? is adopted

in this study; Lslarm: 1S investment cost of the installed solar collector per square meter, which is
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reported in the range of $250-1100/m> for large-scale to small-scale application [173];

hours/year is the operation hours of the Cryo-TEG system per year.

The Levelized Cost of Electricity (LCOE) is regarded as the average minimum price at which
electricity must be sold in order to be break-even over the lifetime of the project. The LCOE of

the Cryo-TEG could be calculated as follows:

capEx +¥" Mt cyppy 3 Mtk
LCOE = sy "y (6.28)
Zn E, zn W, - (hours | year) '
= (1+r) =l (1+r)

where M; and F, represent the operating and maintenance expenditures (O&M) and fuel
expenditures in year ¢, respectively; E; represents the electricity generation in year ¢, which
equals to the product of the output power (Wrr) and operation hours (hours/vear), r and n

represent the discount rate and expected lifetime of the system, respectively.

Simple payback period (SPP) refers to the amount of time that it takes for a project to recover

the cost of its initial investment.

CAPEX CAPEX

SPP = =
Net income/year W, -(hours / year)-tariff —(M, +F))

(6.29)

where tariff represents the on-grid tariff of the generated electricity of the Cryo-TEG.

6.3 Model validation

The reasonability of the system model has a key influence on the accuracy of the following
thermodynamic analysis. Thus, it is very necessary to validate the Cryo-TEG model first before

carrying out the thermodynamic analysis on the system.

6.3.1 Model validation for single thermoelectric module

The single thermoelectric module is validated by comparing the simulation results with Gou et al.

[174]. In the simulation, hot water (313-353 K) and ambient air are used as the hot and cold
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source, respectively. The comparison results are shown in Figure 6.6. It can be observed that the
maximum deviation is 3.45%, illustrating that the model of the single thermoelectric module is

reasonable and can be used to build the complete model of the Cryo-TEG system.
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| I Data from Gou et al.
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1
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!
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Temperature of hot water (K)

Figure 6.6 Validation result for the single thermoelectric module
6.3.2 Model validation for the Cryo-TEG system

To validate the model of the Cryo-TEG system, simulation results are compared with
experimental results obtained from a prototype developed by Solid Cell Inc [162] for cryogenic
energy recovery from LNG terminals . The operating conditions used in the simulation process
are the same as the experimental conditions of the prototype: 40 thermoelectric modules
(MT2.6-0.8-263) are installed in the heat exchanger; liquid nitrogen of 0.05 kg/s and hot water
of 0.207 kg/s are selected as the cold and heat stream, respectively; the inlet temperature of
liquid nitrogen and hot water are 77.15K and of 335.15K, respectively. The comparison results
are illustrated in Table 6.1, indicating that the maximum error is 4.04%, which means that the

model is reasonable, and the algorithm is feasible for the subsequent research and analysis.
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Table 6.1 Model validation results for the Cryo-TEG system

Parameters Simulation result

Prototype data [162]

Relative error

Outlet temperature of the hot water (K)  323.72

Heat flow (W) 9895.5
Output power (W) 878.1
Thermal efficiency 8.87%

324.15

9540

844

8.85%

-0.13%

3.73%

4.04%

0.23%

6.4 Results and discussion

The default operating parameters of the Cryo-TEG are listed in Table 6.2. The properties of the

TEG module with the type of TEC-12708 are collected from its manufacturer (Hebei I.T.

(Shanghai) Co., Ltd) [175]. The heat source is assumed to be from industrial waste heat with

thermal oil as the heat transfer fluid; the cold source is selected as the stored liquid nitrogen

(LNy) from liquid air energy storage. The mass flow rate of the thermal oil (m4) is variable for

optimization, while the liquid nitrogen (m.) has a fixed mass flow rate of 0.05 kg/s.

Table 6.2 Default parameters of the Cryo-TEG

Parameters Value
Seebeck coefficient, S (VK') 0.0517
Thermal conductance, Ko (WK™") 0.772
Electric resistance, Ry () 1.411

KiF1 (W/K) 5.5

K>F> (W/K) 5.5

MxN 5x10
Lifetime (years) 20

Hot stream Thermal oil
Mass flow rate of thermal oil, mn (kg/s) 0.25
Thermal oil temperature (K) 333.15
Thermal oil pressure (MPa) 0.1

Cold stream Liquid nitrogen (LN>)
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Mass flow rate of LN, m. (kg/s) 0.05
LN, temperature (K) 77.15

LN pressure (MPa) 0.1

6.4.1 Performance optimization of the Cryo-TEG

The performance of the Cryo-TEG is mainly affected by the external load, heat/cold source and
thermoelectric module numbers. Thus, to achieve the optimum performance, the key parameters

of the Cryo-TEG should be carefully selected.

6.4.1.1 Effect of the external load on the Cryo-TEG

The external load (Ricaa) is the electrical resistance of devices from end-users which consume the
electricity generated by the Cryo-TEG. Its value will affect the power generation per unit mass
flow of liquid nitrogen (wre.c) and the thermal efficiency (71e) of the Cryo-TEG. As shown in
Figure 6.7 (a), the highest wre. always occurs when the external load (Ricd) is equal to the
internal resistance (Ro) of the Cryo-TEG (Rioaa/Ro=1) with a given mass flow ratio of the hot
stream to cold stream (mp/m.). Besides, a larger my/m. contributes to a higher wrg. and the

maximum of 17 kJ/kg is achieved as the heat source is infinite (mw/m:=2°).

The highest power generation does not represent the highest thermal efficiency. As shown in
Figure 6.7 (b), when the external load (Rioad) is ~1.3 times of the internal resistance (Ro), the
Cryo-TEG achieves the highest thermal efficiency of 9% with an infinite heat source (my/m=2°).
Therefore, to achieve the maximum power generation, the external load should be equal to the
internal resistance of the Cryo-TEG (Rioad=Ro), while Ricad should be selected as 1.3R to obtain

the highest thermal efficiency (Ricaa=1.3R0).
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Figure 6.7 Effect of the external load on the (a) specific power generation and (b) thermal

efficiency of the Cryo-TEG

The external load (Rica) is closely related to the working electric current (/o), and a higher
external load leads to a lower electric current with a given working condition. Figure 6.8 shows
how the working electric current (/o) affects the power generation per unit mass flow of liquid
nitrogen (wre,) and the thermal efficiency (71e) of the Cryo-TEG. As shown in Figure 6.8 (a),
the optimum working electric current is at 3.2A to achieve the maximum wrg. of 17 kl/kg,
which corresponds to the Ri.a=Ro in Figure 6.7 (a). However, to obtain the maximum thermal

efficiency of 9%, the optimum working electric current is found at 3.0A (see Figure 6.8 (b)),

which corresponds to the Rioaq=1.3Ro in Figure 6.7 (b).
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Figure 6.8 Effect of the working electric current on the (a) specific power generation and (b)

thermal efficiency of the Cryo-TEG

6.4.1.2 Effect of the heat source on the Cryo-TEG performance

The mass flow rate and temperature of the hot stream (thermal oil) will affect the performance of
the Cryo-TEG, including the thermal efficiency (#1e) and the power generation per unit mass
flow of liquid nitrogen (wre,) and thermal oil (wrgp). In Figure 6.9, the mass flow rate of liquid
nitrogen (m.) is fixed at 0.05kg/s and the external load (Rioaq) is selected to be equal to internal
resistance (Ry). It can be seen that with the increase of the mass flow ratio of thermal oil to liquid
nitrogen (mn/mc), wre,c and #te gradually increase and then remains stable, while wre, decreases
significantly and finally approaches zero. This is because the increase of my contributes to a
higher average temperature on the hot side of the Cryo-TEG, which results in larger power
generation (Wrg). Accordingly, wre. will increase as m. is fixed, while wrg, decreases as the
increase of Wrg is less significant than that of my. Similarly, the thermal efficiency (#1E)
increases as a result of the increase of Wrg when heat input is only slightly increased. The
increase of my/m. from 2 to 22 leads to a general increase of wrg,. and #1e by 15.0% and 7.2%,
respectively, but a dramatic decrease of wrgn by 89.6%. Thus, mw/mc is selected as 5 in the
following calculation, which gives relatively high wrg. of 16 kl/kg and 7t of 8.75% as well as

reasonable wrg of 3 kJ/kg.
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Figure 6.9 Effect of the mass flow rate of hot stream on the performance of the Cryo-TEG.

According to the results from Figure 6.7 in Section 6.4.1.1, the Cryo-TEG achieves the
maximum power generation and maximum thermal efficiency as Ricas=Ro and Ricaa=1.3Ry,
respectively. Hence, the effect of inlet temperature (Tx) of hot stream on the power generation
(wree and wren) and thermal efficiency (y1e) is considered as Riai=Ro and Ricad=1.3Ro,
respectively, which contributes to the optimum performance. As shown in Figure 6.10, with the
increase of T from 333 K to 413 K, both wrg, and wre increase significantly by 67.5%, while
nte increases gradually by 24.0%. Hence, a higher temperature of external heat source is

recommended for the Cryo-TEG.
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Figure 6.10 The power generation and thermal efficiency of the Cryo-TEG versus inlet

temperature of hot stream.

6.4.1.3 Effect of the number of thermoelectric modules on the Cryo-TEG

The number of thermoelectric modules will affect the temperature distribution of hot (thermal oil)
and cold (liquid nitrogen) streams inside the modules and thus influence the performance of the
Cryo-TEG. In this section, the row of modules (M) is fixed at 5, while the column (N) is variable

to investigate its effect on the Cryo-TEG.

Figure 6.11 shows a representative temperature distribution of thermal oil and liquid nitrogen
along their flow direction with counter flow, where module N is set as 20 and the external load
(Rioaa) 1s equal to the internal resistance (Ro) with the optimum working electric current of 2.8A.
The temperature of thermal oil decreases gradually along its flow direction from module 1 to
module 20, while the temperature of liquid nitrogen keeps stable as module is between 9 and 20,
and then increases gradually, as shown in Figure 6.11 (a). This is because the liquid nitrogen
flows from module 20 to module 1, which first releases latent heat with a constant temperature,
completes the phase change process at module 9, and then starts to release sensible heat with a
significant temperature increase. The temperature difference between thermal oil and liquid

nitrogen increases significantly and then decreases slightly; the maximum value of 244 K is
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obtained as N is at 9, as shown in Figure 6.11 (b). This leads to similar changes of the power

generation per unit mass flow of liquid nitrogen in each module.
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Figure 6.11 Temperature (a) and power generation (b) profiles in the Cryo-TEG with column of

thermoelectric modules N=20.

Figure 6.12 shows the effect of column of thermoelectric modules (N) on the maximum
performance of the Cryo-TEG, including the maximum power generation per unit mass flow of
liquid nitrogen (wrec), thermal efficiency (re ), and the maximum exergy efficiency (#7E ex).
With N increasing from 5 to 40, the optimal working electric current falls from 3.5A to 1A.
When N is less than 10, the outlet temperature of liquid nitrogen (T ou) remains stable as only
latent heat is utilized, which leads to a stable ztg; as N is over 10, the T.o. increases
significantly, resulting in a gradual decrease of the #te. The value of N has a little effect on the
nteex until N is over 30. For the wrg,, the increase of N from 5 to 40 leads to an increase first
and then a decrease later; the maximum wrg of 27 kl/kg is achieved as N is 25. This is because
of the balance between the increase of module number N and the decrease of average power
generation of each module affected by the increase of Tcou. As N is larger than 25, the increase
of N is less significant than the decrease of average power generation of each module, leading to
a decrease of power generation of all modules (wre.c). Besides, the increase of N from 20 to 25

contributes to a slight growth of wrg,, but leads to a significant decrease of #re. Therefore, the
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column of the thermoelectric modules is suggested at 20 to make effective and economical use

of the cryogenic energy of liquid nitrogen for power generation.
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Figure 6.12 Effect of the column number of thermoelectric modules (N) on the maximum

performance of the Cryo-TEG.
6.4.2 Comparisons between the Cryo-TEG and the Cryo-RC systems

Besides the Cryo-TEG, Rankine cycle is another possible way to recover the cryogenic energy
from liquid nitrogen for power generation (denoted as Cryo-RC). Thus, to identify which is
better, the Cryo-RC is compared with the Cryo-TEG based on the following conditions: (1) the
Cryo-RC and the Cryo-TEG use the same cold source (liquid nitrogen) and heat source (thermal
oil at 333.15K); (2) the mass flow rate of liquid nitrogen in the Cryo-RC and the Cryo-TEG is
always the same; (2) the mass flow rate of the working fluid and heat source (thermal oil) of the
Cryo-RC are optimised to maximise its thermal efficiency. To evaluate the thermodynamic and

economic performance of the Cryo-RC, the following assumptions are made:

(1) The turbine efficiency and pump efficiency are selected as 80% and 70%, respectively;
(2) The pinch points of the condenser and evaporator are set as 5K;

(3) The turbine inlet and outlet pressure of the working fluid are selected as 6 MPa and 0.1

MPa, respectively;
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(4) Both single-stage and double-stage Rankine cycles are considered, where argon and
methane are selected as the working fluids for the first stage, and methane, ethane, propane
and R23 for the second stage;

(5) The cost functions for all the components in the Cryo-RC system are calculated according
to the literature [144];

(6) The O&M cost is assumed to account for 1.5% of the capital cost per annum [140];

(7) The discount rate is set as 5%;

(8) The operation hours per year and expected lifetime of the Cryo-RC system are selected as
8000 hours and 20 years, respectively;

6.4.2.1 Thermodynamic performance comparisons

Figure 6.13 shows the thermodynamic performance of the Cryo-RC and Cryo-TEG systems with
the fixed mass flow rate of liquid nitrogen at 1kg/s. By optimising the mass flow rate of working
fluids and heat source (thermal oil), the highest thermal efficiency of 39.5% is obtained in the
one-stage Cryo-RC system with Argon as the working fluid, while the maximum power
generation per unit mass flow of liquid nitrogen (174.4 kJ/kg) is achieved in the two-stage Cryo-
RC system with Argon and Ethane as the working fluid for first-stage and second-stage,
respectively. For the Cryo-TEG, it has the highest thermal efficiency of ~9% (MxN=100x10 at
m~1 kg/s) and the maximum power generation per unit mass flow of liquid nitrogen of ~26
kJ/kg (MxN=100x20 at m~1 kg/s), which are much lower than both the one-stage and two-
stage Cryo-RC systems. Thus, the Cryo-RC performs much better than the Cryo-TEG in the

perspective of thermodynamics.
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Figure 6.13 Thermodynamic performance comparison between the Cryo-RC and Cryo-TEG

6.4.2.2 Economic performance comparisons

Besides thermodynamic performances, the economic performance is also important for real
application. The Cryo-RC system is compared with the Cryo-TEG in terms of the specific
investment cost and LCOE (free waste heat is assumed to be available). With the mass flow rate
of liquid nitrogen at 1 kg/s, the investment costs of the Cryo-RC and Cryo-TEG systems are
summarised in Table 6.3. It could be seen that the Cryo-TEG system with 1000 and 2000
thermoelectric modules have a much lower investment cost than the Cryo-RC system. The
specific investment cost of the Cryo-TEG system is as low as 24% of that of the Cryo-RC

system.

Furthermore, the LCOE of the Cryo-RC and Cryo-TEG systems are shown in Figure 6.14. As
the mass flow rate of liquid nitrogen is below 20 kg/s (i.e., 8.6 MW cooling capacity), the Cryo-
TEG system shows a better LCOE than the Cryo-RC system. The LCOE of the Cryo-TEG could

be as low as 0.0218-0.0245 $/kWh, while that of the Cryo-RC system is as high as 0.08-0.09
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$/kWh. However, as the mass flow rate of liquid nitrogen is over 20 kg/s, the Cryo-RC system

has a lower LCOE than the Cryo-TEG system. These results indicate that the Cryo-TEG system

is much more applicable for waste cryogenic energy recovery in small-scale application

scenarios to get lower investment and higher rates of return on investment.

Table 6.3 Investment cost comparison between the Cryo-RC and Cryo-TEG (m¢=1 kg/s)

Systems Thermal Rated Power Investment cost ($) Specific investment
y efficiency (kW) cost ($/kW)
Single-stage - Cryo-RC - 395 145.0 1,016,990 7014
(Argon)
Single-stage Cryo-RC
(Methane) 0.365 158.2 1,045,870 6611
Two-stage  Cryo-RC
(Argon+Ethanc) 0.360 174.4 1,340,683 7687
Cryo-TEG
(MxN=100x10) 0.0875 16.05 29,410 1832
Cryo-TEG
(MxN=100x20) 0.077 26.00 53,499 2058
0.10
1 —=— Single-stage Cryo-RC (argon)
0.09 1 —e— Single-stage Cryo-RC (methane)
T Two-stage Cryo-RC (argon+ethane)
0.08 1 Cryo-TEG (maximum thermal efficiency)
0.07 1 --~- Cryo-TEG (maximum specific power generation)
= |
< 0.06 -
&
L 0.05
o
Q 0.04—_
0.03
0.02""
0.01 1 Mass flow rate of liquid nitrogen (kg/s)
T T T T T T T

T T T
0O 10 20 30 40 50 60 70 80 90 100
0 43 86 129 172 215 258 30.1 344 387 43.0
Maximum cooling capacity of liquid nitrogen (MW)

Figure 6.14 LCOE of the Cryo-RC and Cryo-TEG
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6.4.3 System performance of the decoupled LAES system with Cryo-TEG

According to the comparison results between the Cryo-TEG and Cryo-RC, the Cryo-TEG is
suggested to recover the cryogenic energy from the small-scale decoupled LAES system, as
shown in Figure 6.1. The proposed system could provide both electricity and cooling for
decentralized energy network. Waste heat (60 °C) is assumed to be available as the heat source
and the discharging pressure of liquid nitrogen is selected as 8 MPa. The simulation data at each

point is shown in Table 6.4 under the given working condition.

Table 6.4 Stream data for the decoupled LAES system integrated with Cryo-TEG

State T (K) P (MPa) h (kJ/kg) m (kg/s)
1 77.24 0.10 -122.25 1.0
2 80.90 8.00 -109.27 1.0
3 241.46 8.00 224.37 1.0
4 283.15 8.00 275.52 1.0
5 333.15 8.00 333.48 1.0
6 227.52 1.86 228.93 1.0
7 283.15 1.86 289.32 1.0
8 333.15 1.86 342.74 1.0
9 229.95 0.43 236.99 1.0
10 283.15 0.43 292.83 1.0
11 333.15 0.43 345.15 1.0
12 230.68 0.10 238.99 1.0
13 283.15 0.10 293.65 1.0

6.4.3.1 Effect of discharging pressure on the proposed system performance

Figure 6.15 shows how the discharging pressure of liquid nitrogen (state 2 in Figure 6.1) affects
the power and cooling capacity of the decoupled LAES system. With the increase of the
discharging pressure from 8 to 12 MPa, the specific power generation by the Cryo-TEG
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decreases slightly from 19.2 to 17.8 kJ/kg, as shown in Figure 6.15 (a). That is because the inlet
temperature of liquid nitrogen in the Cryo-TEG goes up and less cold energy could be utilized
for power generation. However, the increase of the discharging pressure contributes to an
increase of both the total power (air turbines + Cryo-TEG) and cooling capacities, as shown in

Figure 6.15 (b). This mainly results from the increase of power generation by the air turbines.

Figure 6.15 (c) illustrates the effect of the discharging pressure on the electrical round trip
efficiency (eRTE) and combined cooling and power (CCP) efficiency of the proposed decoupled
LAES system. The increase of discharging pressure contributes to an increase of both eRTE and
CCP efficiency. The proposed system achieves an eRTE of 25% and a CCP efficiency of 43.1%
as the discharging pressure is at 12 MPa. Compared with the case without Cryo-TEG for power
generation, the proposed system improves the eRTE by 6%. Thus, a larger discharging pressure

is suggested for the proposed system.
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Figure 6.15 Effect of discharging pressure on the proposed decoupled LAES system

6.4.3.2 Effect of waste heat temperature on the proposed system

Figure 6.16 shows the influence of the waste heat temperature on the performance of the
proposed decoupled LAES system, where discharging pressure is set as 12 MPa. With the waste
heat temperature increasing from 293 to 373 K, the power capacity increases gradually, while
cooling capacity decreases significantly, as shown in Figure 6.16 (a). This leads to a gradual
increase of the electrical round trip efficiency from 21% to 29% and a dramatic decrease of the
combined cooling and power efficiency from 50% to 37%. Thus, the waste heat should be

carefully selected based on the different demands of cooling and power.
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Figure 6.16 Effect of waste heat temperature on the proposed decoupled LAES system

6.4.3.3 Economic performance of the Cryo-TEG in a decoupled LAES system

Figure 6.17 shows the economic performance of investing the Cryo-TEG into different power
capacities of decoupled LAES system, in which the free waste heat is assumed to be available to
be used as the heat source for Cryo-TEG. The following operation parameters are selected: (1)
the waste heat temperature is 60 °C; (2) discharging pressure of liquid nitrogen is 12 MPa; (3)
operation hour per year is 5000. The results indicate that investing a Cryo-TEG in the decoupled
LAES system has a LCOE of 0.0343-0.0327 $/kWh with the increase of power capacity of the
decoupled LAES from 0.32 to 6.4 MW. The payback period of investing the Cryo-TEG in the

decoupled LAES varies between 2.2 and 4.8 years with different on-grid electricity tariffs. Thus,

it is economically feasible for investing the Cryo-TEG into the decoupled LAES system.
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Figure 6.17 LCOE and payback period of investing the Cryo-TEG in the decoupled LAES

system with different power capacities (operation hour per year=5000 hours)

Besides, the effect of the operation hour per year on the economic performance of investing the
Cryo-TEG the decouple LAES system is also analysed, as shown in Figure 6.18. The results
indicate that investing a Cryo-TEG in the decoupled LAES system has a LCOE of 0.0685-
0.0343 $/kWh with the increase of operating hours from 2500 to 5000 hours per year. As for the
payback period of the investment of a Cryo-TEG in the decoupled LAES, longer operating hours
and higher on-grid electricity tariff could shorten the payback period very obviously. If the on-
grid electricity tariff could be as high as 0.16 $/kWh, the payback period of the Cryo-TEG can
be less than 5 years even if the decouple LAES system could only work 2500 hours per year.

Given the operating hours of 3500 hours per year, the investment of a Cryo-TEG has a payback
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Furthermore, economic performance of the Cryo-TEG is compared with free waste heat and
solar energy as heat sources in Figure 6.19, where the mass flow rate of liquid nitrogen is 1kg/s
in the decoupled LAES system. It could be found that the additional investment on the solar
collector increases the LCOE of the Cryo-TEG remarkably, which varies between 0.748 and

0.636 with the heat source temperature at 313-373 K. Thus, it is recommended to use available

waste heat for the Cryo-TEG.

Figure 6.19 LCOE of Cryo-TEG with and without free waste heat (operation hour per
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6.5 Conclusions of Chapter 6

A cryogenic thermoelectric generator (Cryo-TEG) is proposed and analysed systematically for
cost-effective recovery of cryogenic energy in a decoupled LAES system. Both thermodynamic
and economic analyses are conducted on the Cryo-TEG to optimize the operating parameters.
Comparisons are made between the Cryo-TEG and cryogenic Rankine cycles (Cryo-RC) in
terms of thermodynamic and economic performances. The system performance and economic
benefits of the integrated Cryo-TEG with a decoupled LAES system are analysed. The key

findings are given as follows:

e The Cryo-TEG shows a lower thermal efficiency of ~9%, compared with the Cryo-RC
(~39.5%). However, the Cryo-TEG has a much lower capital cost, contributing to a LCOE
as low as 0.0218-0.0245 $/kWh compared with that of the Cryo-RC at 0.08-0.09 $/kWh as
the cooling capacity of liquid nitrogen is below 8.6 MW. Thus, the Cryo-TEG is much
more applicable for the small-scale cryogenic energy recovery.

e The optimization of the Cryo-TEG shows that the maximum power generation and thermal
efficiency are obtained when the external load is equal to 1 or 1.3 times of the internal
resistance, respectively. Besides, given working conditions, the optimum column of the
thermoelectric modules is suggested at 20 for maximizing power generation.

e The system performance of integrating the Cryo-TEG with the decoupled LAES system is
evaluated. The proposed system shows an electrical round trip efficiency of ~29% and a
combined cooling and power efficiency of ~50%. With the power contribution of the
Cryo-TEG, the electrical round trip efficiency is improved by 6%.

e The economic benefits of investing the Cryo-TEG into the decoupled LAES system is
investigated. The results show that the payback period could be as short as 2.2 years and
the LCOE is as low as 0.0327 $/kWh as the power capacity of the decoupled LAES system
is below 6.4 MW. Thus, it is economically favourable to invest the Cryo-TEG into the

small-scale LAES system.
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Chapter 7 Integration of liquid air energy storage with ammonia

synthesis process

7.1 Introduction

The storage medium of LAES can be air or nitrogen, which is stored at a very low
temperature (~78 K). This can lead to an unavoidable cold energy loss during the storage
period. As a result, LAES is mainly used for short and medium duration energy storage, and
the release of the stored energy often occurs within days and weeks. A longer term storage
requires a medium that gives much lower energy loss during storage. Ammonia is regarded as
a potential candidate for such long term energy storage. Liquid ammonia can be stored at
ambient temperature under a pressure of ~1.6 MPa, which is not harsh, thus making it more
attractive as a potential energy reserve for use in electricity, transport, and heating sectors

[176].

Currently, ammonia is the second most-produced industrial chemical [177], and the current
global production of ammonia is about 200 Mtonne/year and is projected to reach about 270
Mtonne/year by 2050 due to population growth [178]. Ammonia is mainly synthesized by a
mature process called Haber—Bosch process, in which nitrogen and hydrogen are the two key
component raw materials. Hydrogen is currently supplied mainly through steam reforming of
methane, with a small amount from electrolysis of water; nitrogen is produced through Air
Separation Unit (ASU). Thus, LAES has the potential to be integrated with the ammonia
synthesis system through nitrogen flow to shift the peak time electricity consumption of ASU
to off-peak time, or even to reduce the total electricity consumption of the whole ammonia
synthesis system. Furthermore, this is also a promising method to convert a medium-term
energy storage (liquid nitrogen in LAES) to a long-term energy strategic reserve (liquid
ammonia either at ambient temperature under high pressure or at -33°C under atmospheric

pressure [179,180]).
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In this work, two configurations are proposed for the integration of the LAES with the
ammonia synthesis system, denoted respectively as LAES-NH; system and LAES-AS-NHj3
system for two different application scenarios. The details are given in Section 7.2.
Thermodynamic performance and economic performance of these two integrated systems are
analysed and compared with the standalone LAES and the standalone ammonia synthesis

system.

7.2  The two proposed LAES-NH;3 and LAES-AS-NH; systems

7.2.1 The LAES-NH; system

7.2.1.1 Working principle and configuration of the LAES-NH; system

The basic working principle for the LAES-NH3 system is shown schematically in Figure 7.1,
which consists of a LAES sub-system and an ammonia synthesis sub-system integrated

through a nitrogen flow.

! Charging at Discharging at i
| off-peak times peak times |
| Powerin !
I E— Power out |
! i Energy Storage Power generation ———» |
: Nyin :
1(Off-peak

:( peak) N, out |
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! TA“’ in NH3 Synthesis System |

Figure 7.1 The basic working principle for the LAES-NH3 system

Figure 7.2 shows the flow diagram of the proposed LAES-NHj3 system. The working process

of the LAES-NHj3; system is outlined in the following below:

e At flat hours: the ASU operates at a low production rate to produce nitrogen for the

ammonia synthesis process only. The LAES system does not operate.
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e At off-peak hours: the ASU operates at a high production rate to produce nitrogen,
serving two purposes: meeting the demand of nitrogen for ammonia synthesis, and
meeting the demand of nitrogen for the charging process of the LAES. Meanwhile,
the charging process of the LAES works to produce liquid nitrogen.

e At peak hours: The discharging process of LAES works to generate electricity. The
gaseous nitrogen out of turbines (state 22) is introduced to the ammonia synthesis
sub-system as the feed gas. The ASU can be off at peak hours if the nitrogen amount

from the LAES is sufficient for the ammonia synthesis.

For this system, the ammonia synthesis sub-system can work 24 hours a day, with the
nitrogen supplied from the ASU at flat/off-peak hours and LAES at peak hours: the feed
nitrogen and hydrogen are mixed and cooled down to the ambient temperature (state N2)
before fed to the multi-stage compressors, where the feed gas is compressed to 15 MPa by a
three-stage compressor unit (state N9), where two streams of unreacted recycled gas (state
N23 and N21) are mixed with the feed gas after the second-stage compression (state N6) and
the third-stage compression (state N8), respectively; then the fully-mixed gas (state N9) is
pre-heated to 400 °C (state N10) by the gas product out of the reactor#3 (state N16) before
fed to the three-stage reactors. Because the ammonia synthesis is an exothermic reaction,
waste heat boilers (WHB#1-3) are used to recover the excess heat of the gas product after
each stage of the reactors and generate steam for power generation, maintaining the optimal
reaction temperature of the reactor at 400-500 °C [181]. After the three-stage reaction and
intercooling processes, the ammonia product is condensed by the feed gas in condenser #1
(state N17) and cooling water in condenser #2 (state N18), separated from the unreacted
nitrogen and hydrogen in the separator, flash evaporated to a relative low pressure by passing
through a throttling valve, and stored in a liquid ammonia tank (state N25). To avoid the
concentration of argon in the synthesis loop building up, a certain amount of unreacted gas is

purged (state N22) and the rest of the gas (state N21) is recycled to the synthesis loop. As the
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purge gas contains valuable hydrogen, a membrane separator is used to recover it from the
purge gas and then recycle it (state N23).

According to the system configuration and the working process of the LAES-NH; system,
One can see that there is no change for the basic configuration of the original ammonia
synthesis system, nor the baseline LAES system in this integrated system. The only change
occurs in the ASU part, which needs to increase the production to meet the nitrogen demand

in the LAES sub-system.
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Figure 7.2 The flow diagram of the LAES-NH3 system.
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7.2.1.2 Thermodynamic model

The LAES in the LAES-NH3 system During the charging process of the LAES, the nitrogen
(with a very small amount of residual argon) produced by ASU is compressed by the multi-
stage compressors, consuming the off-peak electricity. The power consumption of the

charging process is calculated by:

W, s o = My s (M, = h)+(hy s =)+ (h , — Is)) 7.1)

ncom
My ggs.cn = My (7.2)
where m4es.cn s the nitrogen mass flow rate in the multi-stage air compressors in the charging

process; 4; is the specific enthalpy with i corresponding to state i shown in Figure 7.2; 7com 18

the isentropic efficiency of air compressors; the subscript s represents an isentropic process.

The compressed nitrogen then goes through the cold box to be cooled down further, where the
pinch point limitation is followed strictly in heat exchange calculation. The nitrogen then
expands in the cryo-turbine, producing the liquid nitrogen. The power output of the cryo-

turbine is expressed as follows:

WLAES,cryo—tur = mLAES,ch : ncryo—tur ’ (h8 - h‘),s) (73)

where 7..y0-u 18 the isentropic efficiency of the cryo-turbine.

The net power consumption (Wr4zs,cx) and liquid yield (Yz4zs), of the LAES charging process

can therefore be calculated by:
WLAES,ch = VI/LAES,com - I/VLAES,c;yo—tur (74)

Y = My ygs.cn — Mg (7.5)

My 4Es cn
During the discharging process of the LAES, the liquid nitrogen stored in the tank is pumped

up to a high-pressure state by the cryo-pump, consuming electricity (Wr4escrvo-pump) given by:
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My e ais * (h14,s —h;)
WLAES,cryofpump = (76)

77 cryo— pump

My Es ais = M (7.7)
where mpags qis 18 the liquid nitrogen mass flow rate in the discharging process; #eryopump iS the

isentropic efficiency of the cryo-pump.

The high-pressure liquid nitrogen exchanges heat with propane and methanol (cold energy
storage medium) in evaporators #1 and #2 for pre-heating nitrogen, where the pinch point
limitations are also observed. Nitrogen is further heated by the thermal oil (heat storage
medium) before expanding in the three-stage turbine set. The power generation of the turbines

(Wi4Esurb) 18 given by:

WLAES,turb =My yes gis s * ((hn - his,s) + (h19 - hZO,s) + (h2l - h22,s )) (7.8)

where 7.5 1s the isentropic efficiency of the three-stage turbine set.

Thus, the net power generation (Wr4gs.qis) of the LAES discharging process is obtained by:

VI/LAES,diS = VI/LAES,turb - I/VLAES,cry()—pump (79)

The round trip efficiency, #r4esE rre, of the LAES sub-system can be then given by:

w, -t

LAES dis  “dis
NMiags.e rre = W (7.10)
LAES ch Lo,

The ammonia synthesis process in the LAES-NH; system The ammonia synthesis loop could
work 24 hours a day, only changing the nitrogen supply from the ASU to the LAES at peak
hours. The feed nitrogen and hydrogen need to be compressed to 15 MPa by the set of multi-
stage compressor, where a stream of recycled gas from the hydrogen membrane is mixed with
the feed gas before entering the third stage of the compressor unit. The gross power

consumption of the set of multi-stage compressor, Wz com, 1s calculated by:
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WHB’(W _ My in ((hN3 - th) + (th - h};/; )) + (mHB,in + mst) ’ (hN7 - th) (7'1 1)

Mygin = Muyg iy, T Mpg in g, = My T My =My, (7.12)
where mpug i, is the mass flow rate of the input feed gas (state N1) in the ammonia synthesis
process; my; is the total mass flow rate at the state Ni in Figure 7.2; 7.om is the isentropic

efficiency of the compressors.

The heat recovered from the waste heat boiler (WHB#1-3 in Figure 7.2) is used to generate

steam, driving the steam turbine for power generation (Wussieam):

(hy s = 1)
WHB,steam = msteam (hWé - hW7,s) ’ nsteam—tur _M (713)

steam— pump

where 7seam-nr a0d sieam-pump 18 the isentropic efficiency of the steam turbine and water pump,

respectively.

The total power consumption of the ammonia synthesis loop could be calculated as:

WHB = WHB,cam - WHB,steam (714)

The thermodynamic model for the complete ammonia synthesis process is given in Appendix
A of this thesis.

7.2.1.3 Evaluation index

Operation cost of ASU At flat hours (#1.:), ASU works for ammonia synthesis sub-system
only. At off-peak hours (#,;), ASU needs to produce nitrogen for both the ammonia synthesis
sub-system and the LAES charging process. At peak hours (#e.x), the ammonia synthesis sub-
system uses preferably the nitrogen released from the LAES discharging process. However,
the ASU still needs to work for a period of time (¢sear4sv) if the nitrogen released from the
LAES discharging cycle cannot meet the nitrogen demand for the ammonia synthesis during
peak time. Thus, the electricity consumption of the ASU in one day, Q4su, and the operation

cost of the ASU in one day, Costsu, can be calculated as follows:
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_ Ny flat off peak __ A X X
sv = Ouso TOusu + Olst = [77’11113,1';1,1\/2 Lpa + (mHB,in,N2 My g5 cn N, Y iks) Loy

" (7.15)
F My i3, peaiasu 1 Qasv
flat . off . peak .
(Qusv 'tarﬁflat+QASU 'm”ffojf +usu 'ta”ffpeak)
Cost 5, = (7.16)
Y, NH,
My gEs,ch N, Y 4ps Loy S ~0
= tpeak > tpeak,ASU -
My in.N,
(7.17)
My ES chN, Y, ms Loy _ My 4ES ch.N, Y, 4ms Loy
< tpeak’ tpeak,ASU - tpeak -
My in.N, My in.N,

2

In Equation (7.15), g, is the electricity consumption of ASU to produce 1kg pure nitrogen.
In Equation (7.16), tariff represents electricity price; Yyu3is the product yield of ammonia in
one day. In Equation (7.17), it can be seen that when the nitrogen discharged from the LAES
sub-system is more than enough for the peak time nitrogen demand of the ammonia synthesis
sub-system, the ASU can be off during the peak time (¢year 4sv =0). Otherwise, the ASU needs

to operate for a period of time during peak time (¢eak.450>0).

The electricity consumption, Q AISU, and the operating cost, Cost;SU, of the ASU in the

standalone ammonia synthesis system can be calculated for comparison:

! _ flat' off! peak' __ N.
QASU — X24SU +QASU + ASU WlHB,in,N2 ’ (t_ﬂat + tqff' + tpeak) ' qAéz‘U (718)

Tat' . = . = .
Cost = (Q/;sazt/ 'tarﬁflat+QZZU 'tarl]pjrq{f' + 0% 'ta”ffpeak)
ASU Y

NH,

(7.19)

Overall ammonia synthesis cost The operation cost of the hydrogen production (Costw:),
ASU (Cost4sv), and the ammonia synthesis process (Haber—Bosch process, Costuz) need to be
considered together to calculate the overall ammonia synthesis cost (Costoveran for LAES-NH3

system and Cost,,,,.; for standalone ammonia synthesis system):

Cost

overall

= Cost 5, + Cost,, + Cost (7.20)

Cost = Cost;w +Cost, + Costy, (7.21)

overall
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0
Mg in,, (tﬂm + t(lff + tpeak ) COStHz

Cost,, = (7.22)
Y, NH,
W, -t, -targ +W, .-t . tariff  +W, . -t  -tari
COStHB — Hi flat f]‘ﬂat HB q[/;, f];)jf HB " peak ffpeak (723)
NH,

in which the cost to produce 1kg hydrogen (Cost;,) depends on the hydrogen production

method. If the traditional method (steam methane reforming), it is about 0.828 £/kg [182].

Economic performance of the LAES-NH; system The application scenario of this proposed
LAES-NHj3; system is that there has been already an ammonia production plant, and an LAES
power plant will be established nearby. This LAES plant can provide energy storage service
to the power grid as a standard energy storage plant, obtaining revenues through electricity
price arbitrage (other revenues are possible but not considered). Meanwhile, the LAES can
also supply nitrogen shift service to the ammonia production plant, saving the operation cost
of ASU. Furthermore, since the ASU in the ammonia production plant supplies pure nitrogen
to LAES, the initial investment of the LAES is reduced due to the removal of the pre-

purification unit of the charging process.

(1) Benefit for LAES side
The capital cost of a standalone LAES plant (C’L4£s) is divided into three parts: liquefaction
unit (Cy), liquid nitrogen storage unit (Cs), and power generation unit (Cp), given below:

Cous =C,+Cs+C, (7.24)
According to the Highview Power Storage Technology and Performance Review 2012, and
the average exchange rate for the GPB against the USD in 2012 [183] and the inflation rate

over 2012-2020 [184], the capital cost (thousand GPB) of each unit can be estimated as

follows:

P 0.6
Cf(fj x 11406 /1.46 (7.25)
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V 0.6
csz( J x1778/1.46 (7.26)
85.7

P 0.6
C,= (ﬁj x 5653 /1.46 (727)

where Pr, Vs and Pp represent the rated charging power, storage capacity and rated
discharging power; 11406, 1778 and 5653 are the capital cost (thousand USD) of the
liquefaction unit, liquid nitrogen storage unit, and power generation unit for a baseline LAES
system (P;=4MW, Vs =85.7MWh and P»=10MW), respectively; 1.46 is a correction factor in

view of both the exchange rate and inflation rate.

If the LAES is constructed next to an ammonia production plant, the capital cost of the pre-

purification unit for air liquefication (Cp.) can be saved:

CLAES = (CL - CPre) + Cs + CP (7.28)
Crizs :CILAES —Crigs =Chppe (7.29)

The capital cost of the pre-purification unit is highly related to its inlet mass flow rate of air.
Given that the average exchange rate for the GPB against the USD in 2018 [183] and the
inflation rate over 2018-2020 [184], the capital cost of the pre-purification unit (million GPB,

Cprre) is estimated as follows [185]:

0.6
[ My y, [ hour
Pre

x9/1.30 (7.30)
394

where mz4gsn2/hour is the nitrogen demand of the LAES charging process per hour; 9 is the
rough capital cost (million USD) for a standard pre-purification unit with the inlet air flow
rate of 394 ton/hour; 1.30 is a correction factor in view of both the exchange rate and inflation

rate.

(2) Benefit for ammonia synthesis side
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Through the integration with a LAES plant, there will be a undercapacity issue for the current
ASU of the ammonia production plant. The capacity of the ASU therefore needs to be
increased to meet the higher nitrogen demand, which would lead to an additional cost
(Cusu extra) to the ammonia production plant. The Cusy ewre is defined as the difference
between the capital cost of the newly expanded ASU (Cusy) and the capital cost of the

original ASU in the standalone ammonia production plant (C 4sv):

CASUfextra =Cysy — CA;U (7.31)

The capital cost of the ASU is highly related to its maximum potential production per day.
Given the average exchange rate for the GPB against the USD in 2014 [183] and the inflation
rate over 2014-2020 [184], the capital cost of the ASU (million GPB) can be calculated as

follows [186]

Cysp =(0.0103xY,g,  +14.44)/1.44 (7.32)

where Yusu n21s the nitrogen yield of the ASU plant per day and 1.44 is a correction factor in

view of both the exchange rate and inflation rate.

To evaluate if the investment to expand the ASU capacity is economically feasible to the
ammonia production plant side, the saving to investment ratio (S/R) needs to be investigated,
which can be calculated by dividing the present value of revenue by the present value of cost.
SIR >1 indicates that the expansion of the ASU has a potential economic benefit, otherwise, it

suggests an economic loss.

lifetime C
z NCI

Gp == (+r) (7.33)

ASU _extra

The net cash inflow, Cncy, is calculated as the difference of the cash inflow and outflow:

CNCI = Cj?; - CO&M (7.34)
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where Coqr 1s the operating and maintenance cost, which is typically about 1.5%-3% of the

capital cost of the plant per year [140] with 1.5% selected for this study; Cg, is the operation

cost saving of ASU per year.

The payback period is also an important index to evaluate the economic value of an

investment, which is defined as below:

CAS U _extra

payback _ period = (7.35)

NCI
Furthermore, the electricity tariff data used in the calculation is from the industrial tariff in
Jiangsu province, China [187].

7.2.2 LAES-AS-NH; system
7.2.2.1 Working principle and configuration of the LAES-AS-NH; system

The basic working principle for the LAES-AS-NH3 system is shown in Figure 7.3, which
consists of the LAES sub-system with air separation function (termed as LAES-AS system)
and the ammonia synthesis sub-system connected through nitrogen flow and high-temperature
heat storage. The ASU is removed from the LAES-AS-NH; system since its air separation

function is now realized by the LAES-AS system.
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Figure 7.3 The basic working principle for the LAES-AS-NH; system

Figure 7.4 shows a schematic flow diagram of the proposed LAES-AS-NH; system. The

working process of the LAES-AS-NHj3 system is explained as follows:

At off-peak hours: The charging process of the LAES-AS system is on. The purified
air is compressed to a high pressure by a set of multi-stage compressor with interstage
cooling (State 7). The pressurized air then enters the cold box, where it is cooled
down to state 8 by a cold storage medium (methanol, state C6) from the methanol
storage tank, the second stream of cold storage medium (propane, state C4) from the
propane storage tank #2, and the third stream of cold storage medium (also propane,
state C2) from the propane storage tank #1 in turn. The low-temperature air (state 8)
expands in a cryo-turbine to 0.5 MPa, with a portion of the air liquified (state 9).
After that, the liquid air and gaseous air enter the distillation column via the medium
stage (state 10) and bottom stage (state 11), respectively. The distillation column
separates the air to pressurized high-purity nitrogen in the liquid phase (state 16) and

ambient-pressure oxygen-enriched air (state 12). The oxygen-enriched air enters a
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separator to obtain liquid air for storage (state 15) and gaseous air for exhaust (state
13) after recovery the cold energy in the cold box (state 14).

e At peak hours: The discharging process of LAES-AS system is on. The stored liquid
oxygen-enriched air (state 21) is pumped to a high pressure (state 22), transferring the
cold energy to the two streams of propane (state C7 and C9) and the one stream of
methanol (state C11) in turn, with cold energy stored in the two cold storage mediums
in the three tanks. Air is now at around the room temperature (state 25), which is
heated to state 26 by the exhaust air from state 32 first, and then further heated to a
high temperature by a heat storage medium (molten salt is considered in this case)
from the molten salt storage tank, before entering the multi-stage air turbine to

generate electricity.

The ammonia synthesis sub-system works continuous 24 hours a day, with the nitrogen
supplied from the liquid nitrogen tank in the LAES-AS system. The process is: the stored
pressurized liquid nitrogen (state 17) is pumped to the working pressure for the ammonia
synthesis (state 18), transferring cold energy to propane (state C13) and methanol (state C15)
in turn. The nitrogen is close to ambient temperature at state 20, which is mixed with other
feed gas at the outlet of the multi-stage compressors (state N9) in the ammonia synthesis sub-
system. From this onwards, the working process of this ammonia synthesis sub-system is
almost the same as that of the normal ammonia synthesis system (see Section 7.2.1.1), except
for one difference: in the normal ammonia synthesis system, the waste heat released by the
synthesis reaction is usually used to generate steam for power generation. In the ammonia
synthesis process of this LAES-AS-NH; system, this part of waste heat is recovered by the
molten salt and used for air superheating in the discharging process of the LAES-AS sub-
system. While the ammonia synthesis sub-system operating (24 hours per day), to maintain
the optimal reaction temperature of reactors at 400-500 °C, the reaction gas needs to get
through cooler#4-6 for being cooled down after getting out from the three reactors, where the

low-temperature molten salt (state HI, 390°C) is used to recovery this part of reaction heat.
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The high-temperature molten salt can be obtained (state H2-H4, ~500°C) and stored in the
high-temperature thermal storage tank. During the discharging process of the LAES-AS sub-
system, the molten salt from the high-temperature thermal storage tank (state HS) is used to
heat the air in heater#1-3. After releasing the reaction heat, the low-temperature molten salt
(state H6-H8) will flow back to the low-temperature thermal storage tank.

Compared with the LAES-NH3 system, one can find that the ammonia synthesis sub-system
and the LAES-AS sub-system are much more highly integrated in the LAES-AS-NH3 system.
Thus, the original configurations of the ammonia synthesis system and the LAES system need
more modifications. As mentioned in Section 7.2.1, the LAES-NH; system is more suitable
for an existing ammonia synthesis plant because there is almost no requirement to modify the
current layouts and facilities except for expanding the ASU capacity. On the contrary, the
LAES-AS-NH; system is more suitable for a new ammonia synthesis plant, employing the
newly proposed configuration for construction directly. In this way, the initial investment of

the ASU part could be saved.
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Figure 7.4 The flow diagram of the LAES-AS-NH3 system.

181



7.2.2.2 Thermodynamic model

The LAES-AS in the LAES-AS-NH3 system The net power consumption (Wpgs.4s.cn) of the

LAES-AS charging process is calculated by:

VVLAES -AS ,ch = WLAES-AS,com - WLAES—AS,cryu—tur (73 6)
My s as.an (Mg =)+ (hy =)+ (B —hs))

W Es-1.com = - (7.37)

WLAES-As,cryo—zur =My yes_as.cn " Meryo-tur '(hs - h9,s) (7.38)

My ygs-as.cn = T (7.39)

Three liquid yields defined for the charging process of the LAES-AS system: liquid nitrogen
yield (Yrsgs.asaz), liquid air (oxygen-enriched air) yield (Yisesasqir), and total liquid yield

(Yr4Es-45), which are expressed by:

mye

YLAES—AS,NZ = (7.40)
LAES-AS .ch
m
_ 15
Y ips-as.ar = (7.41)
LAES-AS ch
m.+m
_ s 16
Y psoas = (7.42)
LAES-AS .ch

The net power generation (Wi4es-4s.qis) of the LAES-AS discharging process can be obtained by:

VVLAES -AS ,dis =W raEs AS,urb VVLAES—AS,cryo—pump#Z (743)
with
W _ MyEs_as gis '(hzz,s —hy,)
LAES-AS ,cryo—pump#2 — (744)
ncryofpump
VVLAES-AS,turb =M es-as.dis  Tor ((h27 - h28,s) + (h29 - h3o,s )+(h31 - h32,s )) (7.45)
My ags-as.qis = Moy (7.46)
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Thus, the electrical round trip efficiency, #r4es.4se rre, of the LAES-AS system can be given

by:

w

_ "V LAES—4S, dis "L yis
Niags-as,E RTE = W p
LAES—AS,ch "‘ch

(7.47)
The single distillation column used in the LAES-AS system has a specific configuration as
illustrated in Figure 7.5 (a). It consists of several stages. Feed liquid and feed gas are fed into
the distillation column respectively from the medium stage (state 10 in Figure 7.4) and the
bottom stage (state 11 in Figure 7.4). Liquid air (oxygen-enriched) is obtained at the outlet of
stage N (state Un). The liquid air then goes through a throttle valve to reduce pressure to
ambient pressure, reaching a lower temperature. The ambient-pressure air is then introduced to
stage 1 to liquify the pure nitrogen product from stage 2. Thus, the heat exchanger in stage 1
works as a reboiler for the liquid air and a condenser for the gaseous nitrogen. Here, a portion
of the liquid nitrogen out of stage 1 needs to return stage 2 as the reflux liquid (state L;), and
the rest of the liquid nitrogen (state U;) is stored in the liquid nitrogen tank (state 16 in Figure
7.4). A schematic diagram of a generic stage in the single distillation column is summarized in

Figure 7.5 (b). Some assumptions are made for modelling of the single distillation column

[188,189]:

e Steady state.

e Ideal vapour phase behaviour.

e Each stage is a perfectly mixed stage, i.e., the vapour and liquid phases are
homogeneous in each of these stages.

e The vapour and liquid leaving any stage are in thermodynamic equilibrium.

e Heat transfer only occurs in the condenser/reboiler (i.e., stage 1).

e No reaction occurs in the column.

o Effects due to column internals, e.g., pressure drops, are not considered.
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o The air assumed to be made up of 78.12% of nitrogen, 20.96% of oxygen, and 0.92%

of argon by volume.
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A
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Figure 7.5 (a) Schematic representation of the single distillation column, and (b) schematic

representation of input and output streams in a generic stage.
The general model for the separation stage j is given as follows:

(1) Mass balance for components

Foz, L, X +V0) _(Lj +Uj)x1-,j _(V] + W;-)J’,-,; =0 (7.48)
where F; is the molar flow rate of the feed stream to stage j, L; is the liquid molar flow rate
outputting stage j and and inputting stage j+1, V; is the vapor molar flow rate outputting stage j
and inputting stage j—1, U; is the liquid side molar flow rate outputting stage j and W is the
vapor side molar flow rate outputting stage j; x;;is the mole fraction of component i in the
liquid phase of stage j, y;;is the mole fraction of component 7 in the vapor phase of stage j and
z;; is the mole fraction of component i in the feed stream of stage j; The components in the

stream include nitrogen, oxygen and argon, i.c., i = Ny, O,, Ar.
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(2) Equilibrium relationship

The compositions of the streams leaving a stage are in equilibrium. Therefore, the mole
fractions of component i in the liquid and vapour streams leaving stage j are related by the

equilibrium relationships given below:

v, =K. x; (7.49)
Ki,j :K(ij’Pjaxl,]) (750)
where K;; is the ideal temperature-dependent vapour—liquid equilibrium constant, which is

determined by the temperature (7}), pressure (£;) and mole fraction of component 7 in the liquid

phase (x;;) of stage j [190,191].
(3) Total mass balance

The mole fractions of all the components, either in vapour or liquid phase, must sum to unity:

3 3
sz-,j =1 Z%,j =1 (7.51)
i=1

i=1

(4) Heat balance

The heat balance is given by:

Fhe +L_h +V

LtV by jo = (L + Uy =V + W)k ;+0; =0 (7.52)
where £ represents the specific enthalpy of feed stream (subscript F), liquid (subscript L), gas
(subscript V), side liquid (subscript U) and side gas (subscript ) at stage j; and Q; represents

heat input or output for the stage ;.

The above model equations for the distillation process are simple algebraic equations
developed by applying mass and energy balances in the column. These equations can be solved
by using the so-called ‘fsolve’ function in MATLAB, which is designed to find the root of a

set of nonlinear equations.
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The ammonia synthesis process in the LAES-AS-NH3 system The total power consumption

of the ammonia synthesis loop is calculated by:

WHB = WHB,cam+WLAES—AS,cryo—pump#l (753)
where
My ity (g = Py ) + (B = hy3)) + (Mg, gy, + Mys) - (hyg = hys)
WHB’com — HB,in,H, N2 N1 N4 17\773 HB,in,H, N23 N6 NS5 (754)
Myp in,i, = My (7.55)

W _ Mypinn, (g, —hyy)
LAES-AS ,cryo—pump#1 — (756)
ncryofpump

Myp inn, = M7 = Myg (7.57)

7.2.2.3 Evaluation index

Nominal electrical round trip efficiency With the LAES-AS, the ammonia synthesis process
could save some electricity consumption for its daily operation (Qsave), including the electricity
consumption of ASU and the electricity consumption of the multistage compressors. Thus, the
nominal round trip efficiency (#r4es-asne rre) of the LAES-AS system is defined as:

I/VLAES—AS,dis 'ta’is + save

M14E5-45 NE_RTE = (7.58)
WLAES—AS,ch Lo

Power-to-Ammonia-to-Power (P2A2P) efficiency

To evaluate the overall energy conversion efficiency of the LAES-AS-NHj3 system, the Power-

to-Ammonia-to-Power (P242P) efficiency is introduced.

The P2A2P efficiency of a standalone ammonia synthesis system (P2A42Psundaione-Nm3) 1S
defined as the ratio of the available output power from combustion to the energy required for

its production [192]:
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(HH Vi, " Yorr,  Meompustion )

QHZ + QStandalone—HB + QASU

P242P,

Standalone- NH 3 =

(7.59)

where HHVyu3 is the higher heating value of ammonia and #compusion 1S the combustion
efficiency of ammonia (the fraction of the heating value of that is converted to power); Q is the
electricity consumption of every key process for standalone ammonia synthesis system to
produce Ywyms -kg ammonia; subscribe H», standalone-HB and ASU represent hydrogen
production process, the Haber—Bosch process, and the nitrogen production process by ASU,
respectively. Because the P242P is a kind of round trip efficiency, assuming that ammonia is a
storage medium for electricity, Qusu, Oz, and Oswandaione-rz Must be electricity consumptions to
make this efficiency index valid. Thus, in the calculation of the P242P, hydrogen is assumed
to be produced by water electrolysis, which consumes about 53.15 kWh to produce lkg

hydrogen [181].

In the LAES-AS-NHj3 system, the electricity consumption (Qr4gs.as.cx) and generation (Qrags.
as.dis) of the LAES-AS system during one day are considered in the calculation of the P242P
efficiency, which is given below:

HHVNH; ’ YNH; ’ ncombus ion +QLAES -AS ,dis
P2A2P, ps_ s nn, = ( ‘ ‘ t ) (7.60)

QH2 + Oy + QLAES-AS,ch

7.3  Results and discussion

7.3.1 Results and discussion for the LAES-NH; system

Some additional assumptions were made in the process of simulation and performance

analyses, which are summarized as follows:

e Pure propane and methanol are used both as the cold storage media and cold energy transfer
fluids;

e Dowtherm G is used both as the heat transfer and storage medium of the compression heat;
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e Nitrogen produced by ASU contains some residual argon (assuming a mass ratio of

nitrogen to argon at 100:1).

Table 7.1 gives the default parameters of the LAES-NH3 system, whereas Table 7.2 (a) and (b)
list the calculated stream parameters of the LAES-NH;3 system under the default working
conditions given in Table 7.1, with the charging pressure and discharging pressure at 15 MPa
and 8 MPa, respectively. Figure 7.6 shows the temperature profiles of the key heat exchange
components in the LAES-NH;3 system, illustrating that the temperature gradients of the
working fluids match well with the constraints at the pinch point. Figure 7.7 shows the
temperature and ammonia profiles along the three reactor beds, indicating that the reaction
temperature in the three beds is strictly controlled between 400 and 500 °C. Ammonia
synthesis is an exothermic reaction, and hence the temperature along each bed increases. The
ammonia production rate and the temperature rising rate are much higher in reaction bed 1 than
beds 2 and 3 because of the higher content of the nitrogen and hydrogen and lower content of

the ammonia in bed 1.

Table 7.1 Default parameters of the LAES-NH; system

Parameter Value Unit

Ambient temperature 293 K

Ambient pressure 100 kPa

Thermal oil temperature 293 K

Propane temperature 214 K

Methanol temperature 293 K

Minimum Approach Temperature in heater 5 K

Minimum Approach Temperature in cooler 2 K
LAES Minimum Approach Temperature in cold box 5 K

Minimum Approach Temperature in evaporator 2 K

Relative pressure drop in heat exchangers 1%

Isentropic efficiency of compressor 85%

Isentropic efficiency of turbine 90%

Isentropic efficiency of cryo-turbine 75%

Isentropic efficiency of cryo-pump 75%

Nitrogen mass flow rate at inlet of compressor 14 kg/s
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Mass fraction of argon in lkg nitrogen product 0.01 kg
ASU Energy consumption for N, production [193] 0.11 kWh/kg
Nitrogen mass flow rate at inlet of compressor 10.25 kg/s
Hydrogen mass flow rate at inlet of compressor 1.25 kg/s
Product yield of Ammonia 500 ton/day
Reaction pressure 15 MPa
Reaction temperature range 673.15-773.15 K
Purge fraction 50%
NH; Hydrogen membrane recovery 85%
synthesis
process ~ Other gas membrane recovery 10%
Ammonia recovery 92%
Minimum Approach Temperature in Condenser#1 2 K
Minimum Approach Temperature in waste heat boiler 2 K
Isentropic efficiency of compressor 85%
Isentropic efficiency of steam turbine 90%
Cost of Hydrogen from methane reforming [182] 0.828 £/kg
Electricity price of peak time 0.12 £/kWh
Electricity price of off-peak time 0.034 £/kWh
Electricity Electricity price of flat time 0.07 £/kWh
gj;if)tr/nic Peak time during one day 8 hours
calculation Off-peak time during one day 8 hours
Flat time during one day 8 hours
Discount rate 4%
Table 7.2 (a) Stream data for the LAES-NH; system
State Pressure ~ Temperature Nitrogen Hydrogen Ammonia Argon  Total
(MPa) (K) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s)
1 0.100 293.00 14.000 0.000 0.000 0.140 14.140
2 0.531 503.06 14.000 0.000 0.000 0.140 14.140
3 0.526 303.00 14.000 0.000 0.000 0.140 14.140
4 2.795 520.61 14.000 0.000 0.000 0.140 14.140
5 2.767 303.00 14.000 0.000 0.000 0.140 14.140
6 14.702 523.18 14.000 0.000 0.000 0.140 14.140
7 14.554 303.00 14.000 0.000 0.000 0.140 14.140
8 14.409 92.78 14.000 0.000 0.000 0.140 14.140
9 0.110 78.10 14.000 0.000 0.000 0.140 14.140
10 0.110 78.16 1.652 0.000 0.000 0.017 1.669
11 0.109 272.70 1.652 0.000 0.000 0.017 1.669
12 0.110 78.10 12.348 0.000 0.000 0.123 12.471
13 0.110 78.10 12.348 0.000 0.000 0.123 12.471
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(b) Stream data for thermal oil, propane, methanol, and water steam

Mass flow rate

State Pressure (MPa) Temperature (K) (ke/s) Fluid

H1 0.1 293.00 27.869 Thermal oil
H2 0.1 489.75 8.792 Thermal oil
H3 0.1 502.90 9.017 Thermal oil
H4 0.1 499.00 10.059 Thermal oil
H5 0.1 497.36 23.053 Thermal oil
He6 0.1 301.00 8.180 Thermal oil
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H7 0.1 350.02 7.480 Thermal oil

HS 0.1 351.29 7.398 Thermal oil
Cl 0.1 85.60 14.042 Propane
C2 0.1 214.00 14.042 Propane
C3 0.1 213.90 6.712 Methanol
C4 0.1 293.00 6.712 Methanol
Wil 0.4 293.00 5.651 Water
w2 6 293.32 5.651 Water
W3 6 770.10 2.141 Water
W4 6 771.05 2.145 Water
W5 6 737.40 1.365 Water
Wé 6 762.52 5.651 Water
W7 0.4 438.44 5.651 Water
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Figure 7.6 Temperature profiles of heat exchangers in LAES-NH3 system: (a) Evaporator #1,

(b) Evaporator #2, (¢) Cold box and (d) Condenser #1.
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Figure 7.7 Temperature and ammonia profiles along the three reactor beds: (a) ammonia

profile, (b) temperature profile and (¢) temperature-ammonia profile.

7.3.1.1 Operation modes of the LAES-NH3 system

Prior to the thermodynamic and economic analyses of the LAES-NH3 system, the operation
modes of this integrated system need to be determined. Three basic operation modes are
considered as shown in Figure 7.8, which are sorted by the matching degree between the
nitrogen output of the LAES discharging process and the nitrogen demand of the ammonia
synthesis sub-system. The operation mode does not affect the ammonia synthesis process, so
that the nitrogen consumption of the ammonia synthesis is constant. At flat hours, the ASU
works in a low capacity to provide nitrogen to the ammonia synthesis sub-system only, which
is the same in all the three working modes. At off-peak hours, the ASU produces nitrogen for
both the ammonia synthesis sub-system and LAES charging process. The feed nitrogen of the
LAES system is finally liquefied and stored as the energy storage medium. At peak hours, the
LAES discharging process is on. The stored liquid nitrogen is used for power generation first,
which can then be used as the feed gas for the ammonia synthesis sub-system. If the liquid
nitrogen from the LAES system is insufficient to meet the peak-time nitrogen demand of the
ammonia synthesis sub-system, the LAES-NH; system works in mode (a), with the ASU on for
a period at peak times to make up the deficit of the nitrogen. If the amount of liquid nitrogen
from the LAES system can match the peak-time nitrogen consumption of the ammonia
synthesis sub-system, the LAES-NH; system works in mode (b), with the ASU off during the

whole peak hours, and no excess nitrogen released to ambient from this integrated system.
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When the amount of liquid nitrogen from the LAES system exceeds the peak-time nitrogen
demand of the ammonia synthesis sub-system, the LAES-NH; system works in mode (c), with
the ASU off during the whole peak hours and the excess nitrogen to be released to ambient

after power generation.

Flat time

, [
Off-peak time | Peak time
: (LAES discharging process)

(LAES charging process)

NHs synthesis

P N, from ASU to NH; synthesis sub-system
\'PH N, from ASU to LAES sub-system (off-peak) and finally being consumed by NH; synthesis sub-system (peak)
IYEH N, from ASU to LAES sub-system (off-peak) and finally being exhausted to ambient (peak)

Figure 7.8 Three operation modes of the LAES-NH3 system: mode (a), (b) and (c).

7.3.1.2 Effect of the charging pressure of the LAES on the LAES-NH3; system

The charging pressure of LAES is an important influence factor on the performance of the
standalone LAES system. This parameter, in turn, could affect the working performance of the

LAES-NH3; system. To study the effect of the charging pressure on the LAES-NH3 system,
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both the discharging pressure of the LAES and the inlet nitrogen mass flow rate of the multi-
stage compressors in the charging process are fixed. Figure 7.9 (a) shows the liquid nitrogen
yield of the LAES sub-system as a function of the nitrogen charging pressure. A clear
increasing trend is observed. The maximum liquid yield, ~0.90, occurs at a charging pressure
of ~16 MPa, beyond which the LN, yield remains unchanged. Figure 7.9 (a) also shows a
similar increasing trend of the round trip efficiency first with charging pressure, peaks at 61.8%
with a charging pressure of ~16 MPa, but falls with a further increase in the charging pressure.
This is mainly because that the liquid yield remains almost unchanged when the charging
pressure is higher than 16 MPa, while the power consumption of the multi-stage compressor

keeps increasing.

The change in liquid nitrogen yield affects the nitrogen output of the LAES discharging
process. An excessively low liquid nitrogen yield can lead to the deficit of nitrogen in the
ammonia synthesis sub-system if the LAES is the only nitrogen supplier at peak hours. Thus,
in this case, the ASU has to be on for a period of peak time to make up for nitrogen short fall.
Figure 7.9 (b) shows the effect of the charging pressure on the operation time allocation of
LAES and ASU. One can see that the running time of the ASU at peak times decreases
gradually with increasing nitrogen charging pressure. When the charging pressure reaches 11
MPa, and the liquid nitrogen yield is improved to ~ 0.74, the nitrogen output of the LAES
discharging process is able to support the ammonia synthesis at peak hours, indicating that the

LAES-NHj3; system starts to work in mode (b) or (c).
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Figure 7.9 The effect of charging pressure on (a) the LAES performance and (b) the operation

time of the LAES and ASU (discharging pressure at 8§ MPa).

To find out the nitrogen flow direction at off-peak and peak times separately, the effect of the
charging pressure on the nitrogen consumption profile at off-peak times and nitrogen
production profile at peak times are studied, and are shown in Figure 7.10 (a) and (b),
respectively. From Figure 7.10 (a), one can see that the total nitrogen yield of the ASU at off-
peak times depends on the total nitrogen consumption of the LAES and ammonia synthesis. An
increase of the charging pressure of the LAES gives an increased total nitrogen yield of the
ASU due to the increasing nitrogen demand of the LAES sub-system, given the nitrogen
demand of the ammonia synthesis. The reason that the LAES consumes more nitrogen at a
high charging pressure is because of the incresed liquid nitrogen yield of the LAES sub-system
with an increased charging pressure. The amount of the return nitrogen therefore reduces and

fresh nitrogen from the ASU is needed to maintain a constant inlet nitrogen flow rate of the

multi-stage compressor.

The decomposition of the nitrogen supply at peak times is shown in Figure 7.10 (b), which
illustrates that the nitrogen consumption of the ammonia synthesis sub-system is constant.
However, with the increasing charging pressure, the LAES sub-system releases more nitrogen
for the ammonia synthesis sub-system during the discharging process, leading to a reduced

nitrogen yield of the ASU at peak times. This is because that when the charging pressure
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increases, more liquid nitrogen can be produced and stored during the LAES charging process,
implying more nitrogen is released during the LAES discharging process. When the charging
pressure reaches 11 MPa, the nitrogen output of the LAES discharging process can match with
the nitrogen demand of the ammonia synthesis, indicating that the LAES-NH3 system is almost
working in mode (b). If the charging pressure continues increasing, the LAES-NH3 system
will shift to the working mode (c). In such a scenario, overproduction of liquid nitrogen occurs
during the LAES charging process. The nitrogen output of the LAES discharging process
exceeds the actual nitrogen demand of the ammonia synthesis sub-system, resulting in nitrogen

waste.
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Figure 7.10 The effect of charging pressure on (a) the nitrogen consumption by the LAES and
ammonia synthesis at off-peak times and (b) the nitrogen production by the LAES and ASU at

peak times (discharging pressure at 8 MPa).

Since the charging pressure affects the operating duration and the total nitrogen yield of the
ASU, the electricity consumption and the operation cost of the ASU are also influenced, as
shown in Figure 7.11 (a) and (b). From Figure 7.11 (a), the electricity consumption of the ASU
is seen to remain the same at a charging pressure below 11 MPa. However, when the charging
pressure increases to above 11 MPa, the electricity consumption of the ASU starts to increase,
reaches to a peak at a charging pressure of 16 MPa, beyond which the electricity consumption

becomes constant. The ASU electricity consumption only depends on the total nitrogen yield
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of the ASU over the whole day. Because the LASE sub-system only acts as a nitrogen buffer
for the LAES-NH; system, all the nitrogen output of the LASE discharging process is
essentially produced by the ASU. When the charging pressure is lower than 11 MPa, the
LAES-NH3; system works under mode (a), and the nitrogen production is used in the ammonia
synthesis sub-system, indicating that the total nitrogen yield of the ASU is equal to the
nitrogen consumption of the ammonia synthesis sub-system (which is constant). However,
when the charging pressure is over 11 MPa, overproduction of nitrogen occurs, implying
excess nitrogen to be released to the ambient directly during the LAES discharging process.
This means that the total nitrogen yield of the ASU exceeds the nitrogen consumption of the
ammonia synthesis sub-system, and hence an increased ASU electricity consumption. Figure
7.11 (b) compares the ASU operation cost between the LAES-NH; system and the standalone
ammonia synthesis system. The results illustrate that, with the LAES system integrated, the
operating cost of the ASU is much lower than that without the LAES. Although, when the
charging pressure is higher than 11 MPa, more electricity is consumed by the ASU in the
LAES-NHj3; system than the standalone ammonia synthesis system, the LAES-NH3 system still
has a lower ASU operation cost. That is because all the over-consumed electricity of the ASU
is off-peak electricity which is much lower than the peak-time electricity. The maximum
decrease of the ASU operation cost is ~38.3%, which occurs at a charging pressure of 11 MPa,
with the LAES-NHj3; system operating in mode (b): the ASU only works at off-peak times and

no waste nitrogen is released to the ambient during the LAES discharging process.
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Figure 7.11 The effect of charging pressure on the benefits of adding LAES in the ammonia

synthesis system: (a) ASU electricity consumption and (b) ASU operation cost (discharging

pressure at 8 MPa).

ASU operation cost decrease (%)

The operation cost of the whole ammonia synthesis process is also analysed, and the results are

shown in Figure 7.12. The overall ammonia synthesis cost of the LAES-NH3 system has a

minimum value at the charging pressure of 11 MPa, which is the same as that of the ASU

operation cost (Figure 7.11 (b)).
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Figure 7.12 The effect of charging pressure on the overall ammonia synthesis cost (discharging

pressure at 8 MPa).
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7.3.1.3 Effect of the discharging pressure of the LAES on the LAES-NH; system

To study the effect of the discharging pressure on the LAES-NH; system, both the LAES
charging pressure and the inlet nitrogen mass flow rate of the multi-stage compressor in the
charging process are fixed. Figure 7.13 (a) shows the round trip efficiency and liquid nitrogen
yield of the LAES system as a function of the discharging pressure over a range from 6 to 14
MPa. It can be seen that both the round trip efficiency and the liquid yield decrease with
increasing discharging pressure. This is due to the cold recovery from the liquid nitrogen by
propane and methanol during the discharging process, which decreases with increasing
discharging pressure due to the increased nitrogen specific heat capacity. This, in turn, leads to
a lower liquid nitrogen yield, making more specific power consumption of the multi-
compressor during the charging process. Although a higher discharging pressure can contribute
to a higher specific output of the multi-stage turbine, the decrease of the liquid yield plays a
major role in determining the round trip efficiency. Figure 7.13 (b) shows the source of feed
nitrogen of the ammonia synthesis loop. One can see that when the discharging pressure is
lower than 10 MPa, the ASU does not need to operate during peak time to produce nitrogen for
ammonia synthesis, indicating that the LAES-NH3 system is operating under mode (b) or (c).
When the discharging pressure is over 10 MPa, the LAES-NH; system enters to the mode (a).
A longer working period of ASU at peak times is required to make up for the shortfall for

nitrogen for the ammonia synthesis loop with a higher discharging pressure.
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Figure 7.13 The effect of discharging pressure on (a) the LAES performance and (b) the

operation time of the LAES and ASU (charging pressure at 12 MPa).

Figure 7.14 (a) and (b) illustrate the effect of the discharging pressure on the nitrogen yield of
ASU at off-peak times, and the nitrogen yield of ASU and LAES at peak times, respectively.
An increased discharging pressure gives a less nitrogen production from ASU at off-peak times
due to decreased nitrogen demand of the LAES charging process, as shown in Figure 7.14 (a).
At peak times, with the increasing discharging pressure, the LAES discharging process
provides less nitrogen due to the less liquid nitrogen yield of the charging process at off-peak
times, as shown in Figure 7.14 (b). Besides, it can also be seen in Figure 7.14 (b) that when the
discharging pressure is within the range of 6 to 9 MPa, the LAES-NH3 system operates under
mode (c) because some of the nitrogen released by the LAES during the discharging process is

exhausted to the ambient.
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Figure 7.14 The effect of discharging pressure on (a) the nitrogen consumption by the LAES
and NHj3 at off-peak times and (b) the nitrogen production by the LAES and ASU at peak times

(charging pressure at 12 MPa).

Figure 7.15 (a) and (b) show the influence of the discharging pressure on the electricity
consumption and operation cost of the ASU, respectively. One can see that when the LAES-
NH3 system works under mode (¢) (at the discharging pressure of 6-9 MPa), the electricity
consumption of the ASU is more than that in the standalone ammonia synthesis system, see
Figure 7.15 (a). When the discharging pressure is within the range of 10 to 14 MPa, the LAES-
NH3 system works under mode (a), in which the ASU only produces the same amount of
nitrogen as the nitrogen demand of the ammonia synthesis loop. Thus, the electricity
consumption of the LAES-NH; system is the same as that of the standalone ammonia synthesis
system. As for the AUS operation cost, the LAES-NH; system has a lower ASU operation cost
than the standalone ammonia synthesis system within the full range of the researched
discharging pressure, as shown in Figure 7.15 (b). The minimum ASU operation cost occurs at
the discharging pressure of 9 MPa with a decrease of 38.1%. According to the discussion
above, it could be found that the operation mode of the LAES-NHj3 system at the discharging
pressure of 9 MPa is the closest to the mode (b), suggesting that the closer the LAES-NHj3;

system working mode is to mode (b), the more the ASU operation cost saving could be
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obtained. The same result is also observed in the overall ammonia synthesis cost, as shown in

Figure 7.16.
208 =
P ; ; S 16 e 39
; ; —=— LAES-NH, system o : : : : : : : : :
206 it | —A— Standalone ammonia synthesis system|- % 154 - 38
c = ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ = =
Kol A : : : : : : : : 8 L37 &
‘22204- 5 14+ ©
7]
32 N\ £ - S
& @2024 N\ s 3
o'c e F35 ©
= g 2004 8 —m— Cost for LAES-NH, system 34 g
8 = @ 11+ ——]= — Costfor standalone ammonia synthesis system| - o
© g 198 8 —A— Cost decrease 33 ‘é‘
R S 404 8_
2 8_ : : : : : : : : : £ F32 o
19w | — S =)
: : i : Q 94 e L + 31 (g
N ’y & 4 5
o 3 sbvv v L
6 7 8 9 10 11 12 13 14 < 6 7 8 9 10 11 12 13 14
Discharging pressure of the LAES system (MPa) Discharging pressure of the LAES system (MPa)
(a) (b)

Figure 7.15 The effect of discharging pressure on the benefits of adding LAES in the ammonia
synthesis system: (a) ASU electricity consumption and (b) ASU operation cost (charging

pressure at 12 MPa).
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7.3.1.4 Effect of the capacity of the LAES on the LAES-NH;3 system

According to the results and discussions above, when the capacity of the LAES is fixed (the
inlet nitrogen mass flow rate of the multi-stage compressor is fixed), both the charging and

discharging pressure can affect the performance of the LASE-NH3 system. In this section, a
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LAES system with fixed charging pressure and discharging pressure but varying capacity is
coupled with the ammonia synthesis sub-system to study the capacity match aspects. 15 MPa
and 8 MPa are selected as the charging and discharging pressure of the LAES system,
respectively, which leads to a liquid nitrogen yield of 0.882 and a round trip efficiency of
61.18%. Based on these parameters, the inlet nitrogen mass flow rate of the multi-stage
compressor is adjusted, making the capacity of this LAES system vary from 5 MWh to 85

MWh.

The effect of the capacity of the LAES on the ASU operation cost is studied, as shown in
Figure 7.17. The results indicate that the ASU operation cost of the LAES-NH;3 system
decreases first, reaches the minimum value, and then increases with the increasing capacity of
the LAES. The LAES-NHj3; system is working under mode (a) when the capacity of the LAES
is smaller than 38 MWh. Within this range, increasing the capacity of the LAES can make the
nitrogen released from the LAES sub-system approach the peak-time nitrogen demand of the
ammonia synthesis sub-system gradually. This means that the working mode of the LAES-NHj3
system is approaching mode (b) gradually, resulting in a decreased ASU operation cost. The
LAES-NH; system finally reaches mode (b) and obtains the lowest ASU operation cost at the
capacity of 38 MWh, at which the nitrogen output of the LAES sub-system during the
discharging process can match the peak-time nitrogen demand of the ammonia synthesis sub-
system. Then, the LAES-NH3 enters to mode (c¢) with further increasing the capacity of the
LAES system, which implying more nitrogen from ASU released to the ambient instead of the
ammonia synthesis system. Hence, the ASU operation cost increases when the capacity of the

LAES is beyond 38 MWh.

203



(o))
o

20

194 .- - - Cost for standalone ammonia synthesis system| |
j Cost for LAES-NH; system
18 :-|—=— Cost decrease

T
S
[é)]

T
N
o

17 4
16
15

13 4

ASU operation cost decrease (%)

©
1

ASU operation cost per unit ammonia (GPB/ton)

5 15 25 35 45 55 65 75 85
Storage capacity of LAES (MWh)

Figure 7.17 The effect of the storage capacity of the LAES on the ASU operation cost.

7.3.1.5 Economic analysis

LAES plant 1If the investor of the LAES can build a LAES power plant next to an existing
ammonia production plant with the proposed configuration, the main benefit is that the initial
investment of the LAES power plant can be reduced due to saving the cost of the air pre-
purification unit. Figure 7.18 shows the initial investment cost decrease of the LAES power
plant co-located with an ammonia synthesis plant with different daily ammonia production
yields. One can see that, with the increase of the storage capacity of the LAES, the initial
investment cost saving increases and reaches a maximum value of 11.3% at a certain storage
capacity, beyond which the initial investment cost decrease ratio keeps constant. The
maximum value occurs when the LAES storage capacity and the ammonia synthesis plant size
can perfectly match to make the LAES-NH3 system work under mode (b). Once the maximum
value occurs, if the storage capacity of LAES still keeps increasing, the LAES-NH3 system
enters to mode (c), which will not contribute to the initial investment cost decrease ratio any
longer. Besides, it can also be found in Figure 7.18 that an ammonia synthesis plant with a
larger daily ammonia production needs to match with a LAES power plant with a larger

storage capacity to reach working mode (b).
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with different sizes of ammonia synthesis plants.

Ammonia synthesis plant If an existing ammonia synthesis plant would operate with a LAES
power plant together, the capacity of the original ASU unit needs to be increased, which can
save the operation cost for the ammonia synthesis plant. The economic analysis needs to be
carried out to evaluate if the investment for this ASU expansion can generate effective benefit
to the ammonia synthesis plant. Figure 7.19 (a) illustrates the payback period and saving to
investment ratio (SIR) of the ASU expansion project for an ammonia synthesis plant with a
production capacity of 500 ton/day. One can see that, when the storage capacity of the co-
located LAES 1is equal to or smaller than 38MWh, the LAES-NH; system can work under
mode (b) or mode (a), which can make the payback period and SIR of the ASU expansion
project stabilize at 6.9 years and 2.52, respectively. When the storage capacity of the co-
located LAES is larger than 38MWh, the LAES-NH3 system works under mode (c), indicating
that part of the capacity expansion of the ASU will be used to produce nitrogen for the LAES
only, which will not be reused in the ammonia synthesis plant. In this scenario, this additional
investment cannot benefit the ammonia synthesis plant, leading to an increased payback period

and a decreased SIR. When the storage capacity of the co-located LAES is larger than
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~60MWh, the value of SIR will be smaller than 1, indicating that the maximal storage capacity
of the co-located LAES is 60MWh, beyond which the ASU expansion project will cause an
economic loss for the ammonia synthesis plant. Thus, for an ammonia synthesis plant with a
500 ton/day production capacity, a 38MWh LAES power plant is suggested to maximise the
benefit for both the LAES and ammonia plant. Figure 7.19 (b) shows the recommended LAES
storage capacity and the maximal LAES storage capacity for operating under mode (b) and
making SIR equal to 1 respectively, for ammonia synthesis plants with different daily

production capacities.
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Figure 7.19 The economic benefits of the ASU scale-up project for ammonia synthesis plant
(500 ton/day) (a), and the best LAES storage capacities and the largest LAES storage

capacities suggested for different sizes of ammonia synthesis plants (b).

7.3.2 Results and discussion for LAES-AS-NH;3 system

Additional assumptions were made for the simulation and performance analyses, which are

summarized as follows:

e Pure propane and methanol are used as the cold storage mediums;
e Dynalene MS-1 is used as the heat transfer and storage medium of the reaction heat;

e Air consists of nitrogen (78.12%), oxygen (20.96%) and argon (0.92%) by volume.

206



Table 7.3 shows the default parameters of the LAES-AS-NH3 system. Table 7.4, Table 7.5 and
Table 7.6 show the calculated stream parameters of the LAES-AS-NH; system under the
default working condition shown in Table 7.3, where the charging pressure and discharging

pressure are 8 MPa and 10 MPa, respectively.

Table 7.3 Default parameters of the LAES-AS-NHj3 system

Parameter Value Unit
Ambient temperature 293 K
Ambient pressure 100 kPa
Propane#1 temperature 105.59 K
Propane#2 temperature 214 K
Methanol temperature 293 K
Minimum Approach Temperature in heater 5 K
Minimum Approach Temperature in cooler 2 K
Minimum Approach Temperature in cold box 5 K

IS“;}tEeSI;IAS Minimum Approach Temperature in evaporator 2 K
Number of stages in distillation column 46
Working pressure of the distillation column 0.5 MPa
Relative pressure drop of heat exchangers 1%
Isentropic efficiency of compressor 85%
Isentropic efficiency of turbine 90%
Isentropic efficiency of cryo-turbine 75%
Isentropic efficiency of cryo-pump 75%
Working hours of charging and discharging per day 8 hour/day
Product yield of Ammonia 50 ton/day
Reaction pressure 15 MPa
Oxygen volume concentration requirement in nitrogen [194] 10 ppm
Reaction temperature range 673.15-773.15K
Purge fraction 50%

Ammonia  Hydrogen membrane recovery 85%

synthesis

process Other gas membrane recovery 10%
Ammonia recovery 92%
Minimum Approach Temperature in Condenser#1 2 K
Molten salt temperature 663 K
Isentropic efficiency of compressor 85%
Isentropic efficiency of steam turbine 90%
Energy consumption of hydrogen [181] 53.15 kWh/kg
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Higher heating value of ammonia 22.5-10° kJ/ton

Combustion efficiency of ammonia [192] 53%

Table 7.4 Stream data for the LAES-AS system

Pressure Temperature Mass flow rate Oxygen content Working hours

Sate \ipyy  (K) (kg/s) Working fluid | 1o/ per day (hour)
1 0.10 293.15 14.87 Air 20.9600% 8
2 0.43 470.45 14.87 Air 20.9600% 8
3 0.43 303.15 14.87 Air 20.9600% 8
4 1.84 486.59 14.87 Air 20.9600% 8
5 1.82 303.15 14.87 Air 20.9600% 8
6 7.84 488.04 14.87 Air 20.9600% 8
7 7.76 303.15 14.87 Air 20.9600% 8
8 7.68 138.49 14.87 Air 20.9600% 8
9 0.50 96.84 14.87 Air 20.9600% 8
10 050 96.13 8.37 Air 20.9600% 8
11 050 98.39 6.50 Air 20.9600% 8
12 0.10 81.02 11.79 Air 26.6844% 8
13 0.10 82.56 7.72 Air 26.6844% 8
14 0.10 288.48 7.72 Air 26.6844% 8
15 0.10 79.29 4.08 Air 26.6844% 8
16 050 94.00 3.07 Nitrogen  0.00096% 8
17 0.50 94.00 1.02 Nitrogen  0.00096% 24
18 1531 103.49 1.02 Nitrogen  0.00096% 24
19 1515  212.00 1.02 Nitrogen 0.00096% 24
20 1500  291.15 1.02 Nitrogen 0.00096% 24
21 0.10 79.29 4.08 Air 26.6844% 8
22 1000 8351 4.08 Air 26.6844% 8
23 9.90 103.50 4.08 Air 26.6844% 8
24 9.80 200.00 4.08 Air 26.6844% 8
25 9.70 291.15 4.08 Air 26.6844% 8
26 9.61 502.41 4.08 Air 26.6844% 8
27 951 755.22 4.08 Air 26.6844% 8
28 2.05 523.55 4.08 Air 26.6844% 8
29 2.03 755.22 4.08 Air 26.6844% 8
30 044 524.24 4.08 Air 26.6844% 8
31 043 755.22 4.08 Air 26.6844% 8
32 0.09 524.42 4.08 Air 26.6844% 8
33 0.09 296.25 4.08 Air 26.6844% 8
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Table 7.5 Stream data for the ammonia synthesis system

Pressure Temperature

Nitrogen Hydrogen Ammonia

Working

State (MPa)  (K) (ke/s) (ke/s) (ke/s) Argon (kg/s) Total (kg/s) hours per day
(hour)
N1 0.10 293.15 0.00 0.13 0.00 0.00E+00 0.13 24
N2 0.53 503.96 0.00 0.13 0.00 0.00E+00 0.13 24
N3 0.53 303.15 0.00 0.13 0.00 0.00E+00 0.13 24
N4 2.82 521.03 0.00 0.13 0.00 0.00E+00 0.13 24
N5 2.82 303.15 0.00 0.13 0.00 0.00E+00 0.13 24
N6 15.00 520.97 0.06 0.23 0.00 9.13E-06 0.29 24
N7 15.00 303.15 0.06 0.23 0.00 9.13E-06 0.29 24
N8 15.00 291.15 1.02 0.00 0.00 8.22E-05 1.03 24
N9 15.00 297.17 1.67 0.36 0.03 1.83E-04 2.06 24
N10 15.00 673.15 1.67 0.36 0.03 1.83E-04 2.06 24
N11 15.00 771.85 1.49 0.32 0.25 1.83E-04 2.06 24
N12 15.00 673.15 1.49 0.32 0.25 1.83E-04 2.06 24
N13 15.00 772.83 1.30 0.28 0.48 1.83E-04 2.06 24
N14 15.00 673.15 1.30 0.28 0.48 1.83E-04 2.06 24
N15 15.00 739.94 1.17 0.25 0.63 1.83E-04 2.06 24
N16 15.00 676.99 1.17 0.25 0.63 1.83E-04 2.06 24
N17 15.00 353.95 1.17 0.25 0.63 1.83E-04 2.06 24
N18 15.00 293.15 1.17 0.25 0.63 1.83E-04 2.06 24
N19 15.00 293.15 0.00 0.00 0.58 0.00E+00 0.58 24
N20 15.00 293.15 1.17 0.25 0.05 1.83E-04 1.48 24
N21 15.00 293.15 0.59 0.13 0.03 9.13E-05 0.74 24
N22 15.00 293.15 0.59 0.13 0.03 9.13E-05 0.74 24
N23 2.82 293.15 0.06 0.11 0.00 9.13E-06 0.17 24
N24 15.00 293.15 0.53 0.02 0.02 8.22E-05 0.57 24
N25 1.60 294.64 0.00 0.00 0.58 0.00E+00 0.58 24
Table 7.6 Stream data for molten salt, propane, and methanol
Working
State Z{/fgsa‘)‘re (Tgnperamre gf:ikgt}s)w Working fluid ?&ﬁ)per day
H1 0.1 663.00 12.96 Molten salt 24
Heat H2 0.1 769.79 4.48 Molten salt 24
storage g3 0.1 770.77 4.45 Molten salt 24
H4 0.1 737.88 4.03 Molten salt 24
Heat HS5 0.1 760.22 22.09 Molten salt 8
utilization 4 0.1 663.00 7.90 Molten salt 8
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H7 0.1 663.00 7.12 Molten salt 8
H8 0.1 663.00 7.07 Molten salt 8
Cc7 0.1 105.59 3.98 Propane 8
C8 0.1 85.60 3.98 Propane 8
C9 0.1 214.00 4.11 Propane 8
C10 0.1 105.60 4.11 Propane 8
Cold Cl11 0.1 293.15 2.32 Methanol 8
storage 12 0.1 202.10 232 Methanol 8
C13 0.1 214.00 1.03 Propane 24
Cl4 0.1 105.59 1.03 Propane 24
C15 0.1 293.15 0.62 Methanol 24
Cl6 0.1 214.10 0.62 Methanol 24
C1 0.1 85.60 3.98 Propane 8
Cc2 0.1 105.59 3.98 Propane 8
Cold C3 0.1 105.60 7.19 Propane 8
utilization -, 0.1 214.00 7.19 Propane 8
Cs 0.1 207.48 4.19 Methanol 8
Co6 0.1 293.15 4.19 Methanol 8

7.3.2.1 Working performance of the distillation column

The distillation column is the most important part of the proposed LAES-AS sub-system,
which determines the amount and the purity of the liquid nitrogen. Thus, the working

performance of the distillation column is studied first.

The liquid fraction of the feedstock (m10/m9) impacts the performance of the distillation column
strongly. As shown in Figure 7.20, with more liquid fed into the distillation column, the total
cooling capacity inside the distillation column increases, leading to an increased total liquid
yield (the sum of liquid air and liquid nitrogen). For the liquid nitrogen yield, it reaches a peak
when the liquid fraction of the feedstock equals to 0.3 (m10/m9=0.3). This is because when the
mio/mo is small, more gaseous air is fed into the distillation column from the bottom stage,
which is good for the yield of the high-purity nitrogen at the top stage. One can see from the
Figure 7.21 that, with decreasing mio/mo, more liquid nitrogen (yellow bar + green bar) can be

obtained, and less residual oxygen is left in the nitrogen. However, the decreasing m0/mo also
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leads to the shortage of the cooling capacity in the distillation column, making more liquid
nitrogen have to return to the distillation column as the liquid reflux. Thus, the highest liquid

nitrogen yield is a balance between the purity and the cooling capacity.
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Figure 7.20 The effect of liquid fraction in total feedstock for the distillation on liquid yield
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Figure 7.21 The effect of liquid fraction in total feedstock for the distillation on nitrogen purity

and nitrogen production (total feedstock=1kg/s).
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7.3.2.2 Effect of the charging pressure of the LAES-AS-NH; system

The charging pressure of the LAES-AS sub-system is a very important parameter, which can
affect the overall performance of the LAES-AS sub-system. Thus, in this section, the

discharging pressure is fixed at 10 MPa to study the effect of the charging pressure.

The increasing charging pressure of the LAES-AS sub-system can increase the liquid fraction
of the feedstock (m10/mo) for the distillation column, as shown in Figure 7.22. Thus, with the
increasing charging pressure, the total liquid yield of the LAES-AS sub-system is enhanced.
When the charging pressure is at 4 MPa, the liquid fraction of the feedstock is very close to 0.3
(m10/m9e=0.3), at which the liquid nitrogen yield of the LAES-AS sub-system can reach the
peak value of 0.322. However, due to the insufficient cooling capacity of the distillation
column, there is no liquid air can be obtained when the charging pressure is lower than 4 MPa

(Noted: two-stage compression is employed when the charging pressure is lower than 4 MPa).

The effect of the charging pressure on the specific power consumption of the charging process
is also studied, as shown in Figure 7.23. With the increasing charging pressure, both the
specific power consumptions to produce 1kg liquid product and 1kg liquid air show a declining

trend.
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Figure 7.22 The effect of charging pressure on the liquid yield of the LAES-AS sub-system
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Figure 7.23 The effect of charging pressure on the specific power consumption of the LAES-

AS charging process (discharging pressure at 10 MPa).

In the baseline LAES system, the charging pressure usually has very limited influence on the
specific power generation of the discharging process. However, the LAES-AS sub-system
shows a different result. As presented in Figure 7.24 (a), when the charging pressure is lower

than 4 MPa, the specific power generation is zero because there is no stored liquid air used for
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power generation in the LAES-AS sub-system. When the charging pressure is in the range of 5
to 10 MPa, the specific power generation keeps constant, beyond which the specific power
generation starts to decrease significantly. This is because when the charging pressure is within
the range of 5-10 MPa, the waste reaction heat stored in the molten salt is more than the heat
demand of the discharging process of the LAES-AS sub-system for air superheating use. In
this way, the air temperature at the inlet of turbines during the discharging process can always
be heated to the highest temperature of 755 K (see Figure 7.24 (b)). Thus, the change of the
charging pressure within 5-10 MPa does not affect the specific power generation of the
discharging process. However, when the charging pressure is higher than 10 MPa, the reaction
heat released from the ammonia synthesis process is insufficient for the discharging process,
leading to a decreased air temperature at the inlet of turbines during the discharging process

(see Figure 7.24 (b)), hence a decreased specific power generation.
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Figure 7.24 Effects of charging pressure on (a) the specific power generation of the LAES-AS

discharging process, and (b) the molten salt utilization rate and the air superheating

temperature (discharging pressure at 10 MPa).

The maximum round trip efficiency (47.51%) of the LAES-AS sub-system occurs at the
charging pressure of 10 MPa due to the variations of the specific power consumption of the
charging process and the specific power generation of the discharging process, as shown in
Figure 7.25. One can see that the nominal round trip efficiency of the LAES-AS sub-system is
much higher than the round trip efficiency due to the electricity saving of the ammonia
synthesis process. The electricity consumption of the ammonia synthesis process can be
reduced by 31.6%, i.e., 713 kJ when 1kg nitrogen fed into the ammonia synthesis process (see
Figure 7.26). As a result, the maximum nominal round trip efficiency is 68.63%, which also

occurs at the charging pressure of 10 MPa.

The P2A2P efficiency of the whole LAES-AS-NHj3 system is studied, which is shown in Figure
7.27. It can be seen that the highest P242P efficiency (29.5%) occurs at the charging pressure
of 10 MPa, which is 12.2% higher than the P242P efficiency of the standalone ammonia

synthesis system (26.27%).
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7.3.2.3 Effect of the discharging pressure of the LAES-AS-NH; system

In this section, the charging pressure is fixed at 10 MPa to study the influence of the
discharging pressure. The increase of the discharging pressure can result in the decrease of the
stored cryogenic energy, which would reduce the liquid fraction of the feedstock (m10/ms) for
the distillation column (see Figure 7.28). Therefore, with the increasing discharging pressure,
the total liquid yield of the LAES-AS sub-system decreases, while the liquid nitrogen yield
increases. As a result, both the specific power consumptions to produce lkg liquid product and
1kg liquid air show increasing trends as the discharging pressure increases, as shown in Figure

7.29.
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Figure 7.28 The effect of discharging pressure on the liquid yield of the LAES-AS sub-system

(charging pressure at 10 MPa).
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It is certain that the increase of the discharging pressure can improve the specific power
generation of the LAES-AS discharging process, as shown in Figure 7.30 (a). However, it can
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also be seen that when the discharging pressure is increased from 6 to 9 MPa, the increase in
the specific power generation is more significant than that when the discharging pressure is
increased from 9 to 12 MPa. The reason is that when the discharging pressure is lower than 9
MPa, the waste reaction heat from the ammonia synthesis process is not sufficient for the
discharging process of the LAES-AS sub-system. With the increase of the discharging pressure
from 6-9 MPa, the air temperature before expansion in turbines increases because of the
increase of the molten salt (waste heat), as shown in Figure 7.30 (b). Thus, both the air
pressure and air temperature before expansion is improved when the discharging pressure is
increased from 6 to 9 MPa, leading to a very significant increase in the specific power
generation of the LAES-AS sub-system. However, when the discharging pressure is higher
than 9 MPa, the waste reaction heat is more than enough to superheat the air temperature
before expansion to the highest value (755 K), as shown in Figure 7.30 (b). Thus, when the
discharging pressure is increased from 9 to 12 MPa, only the increased air pressure contributes
to the enhancement of the specific power generation of the LAES-AS sub-system, resulting in

a lower increasing rate.
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Figure 7.30 Effects of discharging pressure on (a) the specific power generation of the LAES-
AS discharging process, and (b) the molten salt utilization rate and the air superheating

temperature (charging pressure at 10 MPa).

The highest round trip efficiency (47.97%) and the highest nominal round trip efficiency
(68.63%) of the LAES-AS system can be realized when the discharging pressure is 9 MPa and
10 MPa, respectively, as presented in Figure 7.31. Figure 7.32 shows the comparison of the
P2A2P efficiency between the standalone ammonia synthesis system and the LAES-AS-NH3
system. It can be found that the P242P efficiency of the LAES-AS-NHj; system is always
higher than that of the standalone ammonia synthesis system within the discharging pressure of

6-12 MPa, with a maximum value of 29.63% occurred at 8 MPa.

220



Figure 7.31 Effects of discharging pressure on the round trip efficiency and the nominal round
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7.4 Concussions of Chapter 7

This chapter investigates the integration of the LAES system with the ammonia synthesis
system. Two integrated systems, LAES-NH; and LAES-AS-NH;, are proposed and
investigated. The main conclusions are as follows:

7.4.1 LAES-NH; system

e The LAES-NH3 system is proposed for the existing ammonia production plant due to little
modifications needed for the ammonia synthesis sub-system.

o Three working modes are identified for this LAES-NH3 system, distinguished by the
nitrogen amount matching between the LAES sub-system and the ammonia synthesis sub-
system. Among them, working mode (b), in which the LAES system as the nitrogen buffer
for the ammonia synthesis process, can store and release the same amount of nitrogen to
meet the peak-time nitrogen demand of the ammonia synthesis sub-system, has the highest
operation cost saving for the ammonia synthesis process.

e The charging pressure, discharging pressure and the storage capacity of the LAES sub-
system are optimized to make the LAES-NH; system works under mode (b). In this way,
the LAES-NH3 system can work with the lowest ASU operation cost, which is ~38% lower
than that of the standalone ammonia synthesis system.

e For an ammonia synthesis plant with 500 ton/day ammonia production, a LAES system
with 38MWh storage capacity is suggested, providing the best match to make the LAES-
NHj; system operate under mode (b). This also helps to reduce the LAES initial investment
cost by 11.3% and shorten the payback period of the ASU capacity expansion project to
6.9 years. There is also a maximal storage capacity of the LAES of ~60MWh in the LAES-
NHj; system, beyond which, ammonia synthesis plant side will show an economic loss.

7.4.2 LAES-AS-NH; system

e The LAES-AS-NHj3 system is proposed for new ammonia production plants because the

conventional ammonia synthesis process needs to be modified for integration with the
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LAES-AS sub-system. Besides, the operation of the ammonia synthesis sub-system and
the LAES-AS sub-system are highly coupled with each other, which implies either of them
cannot work alone.

The liquid nitrogen yield of the LAES-AS sub-system has a maximum value of ~0.3 when
the liquid fraction of the feedstock for the distillation column is 0.3. However, the total
liquid yield (liquid nitrogen and liquid air) can keep increasing with the increasing liquid
fraction of the feedstock for the distillation column. Both the increase of the charging
pressure and the decrease of the discharging pressure can improve the liquid fraction of the
feedstock for the distillation column, improving the total liquid yield of the LAES-AS sub-
system.

The LAES-AS sub-system shows a maximum round trip efficiency of ~48%. Besides, the
LAES-AS sub-system can help the ammonia synthesis sub-system to save the electricity
consumption of 713 kJ (with 1kg liquid nitrogen input), which accounts for 31.6% of the
total electricity consumption. In this way, the nominal round trip efficiency of the LAES-
AS sub-system can reach ~69%.

The highest Power-to-Ammonia-to-Power (P242P) efficiency (i.e., the round trip
efficiency of the overall LAES-AS-NHj3 system) can be as high as ~30%, which is almost

13% higher than that of the standalone ammonia synthesis system.

223



Chapter 8 Conclusions and Recommendations for Further

Research

This chapter summarized the main conclusions of this Ph.D. study, based on which,

recommendations for future work are proposed.
8.1 Summary of the main conclusions
This work focuses on three technical aspects of the liquid air energy storage technology:

(1) The development of flexible and effective methods to utilize the excess compression heat
of the LAES system.

(2) The development of a cost-effective method for the recovery of the cryogenic energy in
the discharging process of a decoupled LAES system.

(3) The integration of the LAES with industrial processes, including LNG regasification

process and the ammonia synthesis process.
The main conclusions are as follows:

(1) The power plant based on the waste energy recovery from both the LAES and LNG can
achieve the maximum thermal efficiencies of 27% and 28% and exergy efficiencies of 40%
and 32% for nitrogen and argon, respectively. Here, with the nitrogen as working fluid
undergoes a complete Brayton Cycle, while the argon based power plant goes through a
combined Brayton and Rankine Cycle. The payback period of this proposed power plant
which is co-located with a SMW/40MWh LAES system is as short as ~2.2 years. The
findings suggest that a waste energy based power plant can be co-located with a LNG
terminal and a LAES plant to provide additional power output and reduce energy waste.

(2) A standalone LAES for electricity supply only (baseline LAES) can achieve an electrical
round trip efficiency above 60% at a high charging pressure of 19 MPa. However, if the

excess heat is considered, the performance of the baseline LAES can give a high exergy
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efficiency (i.e., maximum electrical round trip efficiency) even at a low charging
pressure, with the local maximum of 62% achieved at ~4 MPa.

(3) The proposed standalone LAES system for combined cooling, heating, hot water, and
electricity supply can achieve a high nominal electrical round trip efficiency between 52%
and 76%, with the maximum at a charging pressure of ~5 MPa. For a given size of a
LAES system (8MWh), the primary energy savings and avoided carbon dioxide
emissions are up to 12.1 MWh and 2.3 ton per day, respectively. These new findings
suggest, for the first time, that small-scale LAES systems can be best operated at lower
charging pressures and the technologies have a great potential for applications in local
decentralized micro energy grids.

(4) The proposed Cryo-TEG has a thermal efficiency of ~9%, which is much lower than the
Cryo-RC (~39.5%). However, the Cryo-TEG gives a much better economic performance,
especially as the cooling capacity of liquid nitrogen is below 8.6 MW: the levelized cost
of electricity (LCOE) of the Cryo-TEG is as low as 0.0218 $/kWh, ~4 times cheaper than
that of the Cryo-RC. This indicates that the Cryo-TEG is more favourable for cryogenic
energy recovery in the small-scale decoupled LAES. With the Cryo-TEG, the decoupled
LAES systems can achieve an electrical round trip efficiency of ~29% and a combined
cooling and power efficiency of ~50%.

(5) In the proposed LAES-NH; system, there is no requirement to change the original
configuration of the ammonia synthesis process except for increasing the capacity of the
ASU. Thus, this integration of the LAES with the ammonia synthesis system is more
suitable for an existing ammonia production plant. To save the operation cost of the
ammonia synthesis process to the maximum extent, the nitrogen released from the LAES
discharging process needs to be the same as the peak-time nitrogen demand of the
ammonia synthesis sub-system (i.e., working mode (b)). In this way, the operation cost
of the ASU can be saved by ~38%.

(6) For an ammonia synthesis system with 500 ton/day ammonia production, a LAES system
with a storage capacity of 38 MWh can make the LAES-NH3 system operate under mode
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(7

8.2

(b). As a result, the capital cost of the LAES is reduced by ~11.3% and the payback
period of the ASU capacity expansion of the ammonia plant is ~6.9 years.

The proposed LAES-AS-NH; system is more suitable for a new ammonia production
plant. In this way, the LAES-AS sub-system acts as an energy storage system with the air
separation function to produce pure nitrogen for the ammonia synthesis sub-system. The
maximum nominal round trip efficiency of the LAES-AS sub-system is as high as ~69%.
The electricity consumption of the ammonia synthesis sub-system can be decreased by
~31.6%. The LAES-AS-NHj3 system can achieve the highest overall round trip efficiency
(i.e., P2A2P) of ~30%, which is 13% higher than that of the standalone ammonia

synthesis system.

Recommendations for the future research

Based on the results of this Ph.D. study, the following are recommended:

(1

2

3)

4

Dynamic modelling of the LAES system is suggested, especially for the study on the
integration of the LAES with power grids (national transmission grids and local
distribution), renewable and conventional (thermal and nuclear) power plants and local
energy networks.

The decoupled LAES work only scratches the surface. A more comprehensive study on a
complete system including the charging process, storage, transport process, and
discharging process is recommended.

The integration of the LAES with different industrial processes is mostly in the
theoretical research stage. Small-scale experimental studies and large-scale
demonstrations are recommended.

To extend the application scope of the LAES, more services that the LAES can provide
to the grid (e.g., black start) and more integrations of the LAES with conventional power
generation methods (e.g., gas turbine) are recommended to be studied both theoretically

and experimentally.
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Appendix A Thermodynamic model for the ammonia synthesis

system

The feed nitrogen and hydrogen for the ammonia synthesis process need to be compressed to
15 MPa by the multi-stage compressors, where a stream of recycle gas from the hydrogen
membrane is mixed with the feed gas before entering the third-stage compressor. The gross

power consumption of the multi-stage compressors, Wz com, could be calculated as follows:

Wiig com = Mug.in (M = hyy) + (hys —hy )+ My +my00) - (hyy = hye) (A1)
Mygin = Muyg i n, T Mpg in g, = My T My =My, (A.2)

h i+1),s —h i
Py goany =hy + — 22— 7‘; % ie[2,4,6] (A.3)

where mpug,in is the total inlet mass flow rate of the multi-stage compressor; my2; is the mass

flow rate of the recycle gas flowing out of the membrane.

Then, another stream of recycle gas, which recovers from the purge process, joins the feed
gas after the compression process, forming the final feed gas for the ammonia synthesis

reaction (mpp):

Myg = Myp i, T Myoy My, (A4)

The feed gas is pre-heated to 400 °C by the gas product out of Reactor#3 before entering
Reactor#1. The three-stage reactors are connected by waste heat boilers for intercooling. In
every reactor, the reaction rate R at pressure P and temperature 7 is calculated by the

modified form of the Temkin equation, developed by Dyson and Simon [195]:

3 a 2 l-a
a a
R, =3K |Kla, | —=| -| == | |©0Q/3600 (A.5)
a a

with
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©2250.322

log(K. —0.85430—1.510491og,, T
g( c ) glO (A6)
—2.58987x107* T +1.48961x107" T*
_( 40765]
Kr — 8.849'10146 1.987T (A7)
a,=yy,P, je[H,,N,,NH,| (A.8)
_ F/ F = mj
< Fo (A9)
jE[Hz)NzaNHB] A
v, = eXp(e—3A8402T0'125+O.541P_e—0A1263T0'5—15.98P2 +300(6—0.011901T—5941)(e_% ~1)) (A.10)
H, —
7y, =0.93431737+0.3101804-107 7 +0.295896-10° P
’ (A.11)
—0.2707279-10°T* +0.4775207-10°° P*
V. = 0.1438996 +0.2028538-10° T —0.4487672-10° P
: (A.12)
—0.1142945-10°T*+0.2761216-10° P?
a=05,Q=1 (A.13)
2 2 3 3 Fh?z _FHZ
O=b,+bT +b,n+bT" +bn” +bT° +bn ,n =———= (A.14)

Fy
where K. is equilibrium constant; K, is the rate constant; g; is the activity of the component j;
o.1s the kinetic parameter which is 0.5 [177]; @ is the effectiveness factor and the coefficients
for @ is shown in Table A.1; Q is the catalytic activity which is usually equal to 1 [196]; m;
and F; represent the mass and molar flow rate of the component j, respectively; Mr; represents
the molecular weight of the component j; F] represents the reactor inlet molar flow rate of the

component j; #. represents the conversion rate of the reaction.

Table A.1 Coefficients for Equation (A.14)

P (atm) by b; b b; by bs bs

150 -17.539096  0.07697849  6.900548  -1.082790e-04 -26.42469 4.927648e-08  38.93727
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According to the mass balance, the new conversion rate, #., could be obtained, and the molar

flow rates of every component in the next step could be updated as follows:

& ) (A.15)
n.=n,+dn, (A.16)
F, =F, (1-n,) (A.17)
F, =F, (1-n,) (A.18)
Fyy, = Fyy, (1417,) (A.19)

The heat transfer of every step in the reactor is divided into three parts, reaction heat of

ammonia synthesis dQreac, heat transfer with external dQ..;, and energy flow of the gas dQpon:

2
ereac = E‘AHNH3 F[-?zdnc (AZO)
AH . = 4.184[—(0.54526 +846.609T7 ' +459.734 x 106T‘3)P
(A.21)
—5.34685T —0.2525x107°T* +1.69197x10°°T° — 9157.09]

k Ldz(T-T.

dg,, = T~ 1) (A.22)
o

dQ,,, =m,,C,dT (A.23)

where 4Hyu;1s the reaction heat to synthesize 1 mol ammonia.

Thus, the temperature of the gas in the next step could be updated as follows based on the

total heat balance of every step:

dQﬂow + ereac + dQext = 0 (A24)
T=T+dT (A.25)
There are two constraint conditions, which are needed to be checked in every step, to obtain

the reaction endpoint of every reactor precisely:
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(1) The temperature T of every step in the reactor needs to be checked. Once T>500°C, the gas
needs to come out from the reactor and to be cooled down to 400°C in the waste heat
boiler before entering the next reactor.

(2) The equilibrium constant K. of every step in the reactor needs to be checked as well. Once
K. < K, occurs, which means equilibrium conversion is reached, the forward and reverse

rates of the reaction will be equal, and no more ammonia could be obtained.

NH
P
K ' — PNH3 — mix — Fmix NH;
c P]\(/)Z.s .Pf‘llj F, jo_s F, jl.s P F]32-5 'Féf (A.26)
2 2 P
Fmix mix
F,.= FN2 + FHZ + FNH3 (A.27)

The final gas product out of the Reactor#3 goes through the waste heat boiler (WHB#3) and
condenser#1 and 2 to condense the ammonia product. The liquid ammonia is separated in the
separator with an ammonia recovery rate (Xww:recoven=92%), reduces pressure to 1.6 MPa
through a throttling valve and stored in the liquid ammonia tank finally. The rest of the
unreacted gas (nitrogen, argon, and hydrogen) and the unrecovered ammonia need to go
through a purge valve with a purge fraction of 50% (Xus pue=50%) before returning to the
synthesis loop. Then 85% (Xuembrane, =85%) of the hydrogen and 10% (Xuembrane,otmer=10%) of
other gases in the purge gas are recovered by a hydrogen membrane and return to the

synthesis loop as well.

— — NH3
Myos =Myio = Xy ecoven™, (A.28)
Myy0 = My —Myg (A.29)
mNZl = (I_XHB,purge).mNZO (A30)
My =Myyg =My = XHB,purge My (A.31)
my,, =X m™ + X (M, —m'™) A.32
N23 membrane,H, N2 membrane,other N22 N2 ( . )
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where n; represents the mass flow rate of the component j at the status Ni in the ammonia

synthesis loop.

Besides, the heat recovered from the waste heat boiler is used to generate steam to drive the

turbine for power generation:

WHB,steam = msteam [(hW6 - hW7) - (hWZ - th )] (A33)

Thus, the total power consumption of the ammonia synthesis loop could be calculated as:

WHB = WHB,com - WHB,Steam (A34)
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Appendix B Publications

Journal paper:

(1) Zhang T, She X, You Z, Zhao Y, Fan H, Ding Y. Cryogenic thermoelectric generation
using cold energy from a decoupled liquid air energy storage system for decentralised
energy networks. Appl Energy 2022;305:117749.

(2) Zhang T, She X, Ding Y. A power plant for integrated waste energy recovery from liquid
air energy storage and liquefied natural gas. Chinese J Chem Eng 2021;34:242-57.

(3) She X, Zhang T, Peng X, Wang L, Tong L, Luo Y, et al. Liquid Air Energy Storage for
Decentralized Micro Energy Networks with Combined Cooling, Heating, Hot Water and
Power Supply. J Therm Sci 2020;29:1-17.

(4) She X, Zhang T, Cong L, Peng X, Li C, Luo Y, et al. Flexible integration of liquid air
energy storage with liquefied natural gas regasification for power generation

enhancement. Appl Energy 2019;251.
Chapter:

(1) Yu Q, Zhang T, Peng X, Cong L, Tong L, Wang L, et al. Cryogenic Energy Storage and
Its Integration With Nuclear Power Generation for Load Shift. Storage Hybrid. Nucl.
Energy, Elsevier; 2019, p. 249-73.

(2) She X, Zhang T, Meng Y, Liang T, Peng X, Tong L, et al. Cryogenic Energy Storage.
Ref Modul Earth Syst Environ Sci 2021.

(3) Liang T, Zhang T, Li Y, Tong L, Wang L, Ding Y. Thermodynamic Analysis of Liquid

Air Energy Storage (LAES) System. Ref Modul Earth Syst Environ Sci 2021.
Patent:

(1) Yulong Ding, Tongtong Zhang. Power generation system based on liquid air and method,

China Patent No. CN112392599A, Feb 2021.
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(2) Yulong Ding, Xiaohui She, Tongtong Zhang. An integrated device and method of liquid
air energy storage and ammonia synthesis, China Patent No. CN112179046A, Jan 2021.

(3) Yulong Ding, Xiaohui She, Tongtong Zhang, Xiaodong Peng, Li Wang, Lige Tong.
Cold-heat-electricity combined supply system based on liquid air energy storage, China
Patent No. CN109373703A, Sep 2019.

(4) Yulong Ding, Abudukade Aihamaide, Yanqi Zhao, Tongtong Zhang. Energy efficiency
improving device of low-pressure operating liquid air energy storage system, China

Patent No. CN112282881A, Jan 2021.
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