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Abstract

Climate changes call for the construction of a net-zero-carbon energy system across the
globe. Such a massive need become more urgent due to the recent war on Ukraine, which has
led to energy poverty, sharp rise in living costs and economic challenges particularly in Europe.
Renewable energy represents a critical pathway towards the decarbonisation. A high share of
renewable could trigger multiple problems due to the intrinsic intermittency and variability.
Energy storage technologies offer the major solution to resolve such problems.

There are many energy storage technologies at different development stages; among
which, Liquid Air Energy Storage (LAES) is considered as a promising large-scale energy
storage technology. The key advantages of the LAES include high scalability, no geographical
constraints, cost-effectiveness, and capability of providing multi-vector energy services, which
is expected to play an increasingly crucial role in future energy systems with a high renewable
penetration. However, there are few studies working on the optimization and discussing the
functions and benefits of LAES when it is applied into net-zero carbon energy systems. This
forms the main motivation of this Ph.D. work, to address the research gaps. In the first and
second parts of the thesis, the thermo-economic and dynamic simulation and optimization of
the LAES system were conducted, which can provide the basis for discussing its key roles in
distributed and grid-scale multi-vector energy systems. The given results can provide evidence
for the optimal design, operation and improvement of LAES integrated systems. Meantime,
the outcome can provide the enlightening views on the business investment decisions, and on
developing renewable energy policies and storage expansion plans, to help achieve carbon
mitigation ambitions in the UK by 2050. The following is a brief summary of the work and

major conclusions:



In the first part of this work, the multi-objective thermo-economic optimization of a
stand-alone LAES system by using a Genetic algorithm was conducted, taking the round-trip
efficiency (RTE) and economic indicators as the optimization objectives. The optimization has
lead to a 9%~14% of increase in energy efficiency and a 14% of decrease in exergy destruction.
The optimal design and operational parameters of LAES under different configurations and
scenarios can be determined, including the optimal charging and discharging pressure, heat
transfer areas, and mass flow rates of hot and cold storage media etc. Meantime, the design and
operational guidelines of LAES can be derived. A LAES system with lower machine
efficiencies requires lower charging and discharging pressure, while a system with worse heat
transfer performance needs higher charging pressure but lower discharging pressure. Finally,
the Pareto Front of capital costs, efficiencies and the occupied space energy density (OSDE)
was obtained to provide system operators good investment advice of LAES. It indicated that a
higher capital cost lead to a higher RTE, NPV and OSDE. Specifically, when the RTE increases
by 1%, the optimized capital investment increases by 0.5-1%. If the investment budget is over
48 ME£, a LAES system with three-stage compressors and four-stage turbines can produce better
RTE than three-stage and four-stage LAES systems .

In the second part of this work, the dynamic simulation and analysis of the LAES
discharging unit were conducted to investigate its dynamic characteristic and response time
when integrated with wind power. The results revealed that the LAES discharging unit is more
suitable for responding to the wind power component at a time scale more than its start-up time,
which can help compensate the wind power deficiency and reduce the motor fatigue.
Meanwhile, the combined storage scheme with LAES and battery was proposed to smooth the
varying wind power. The economic comparison among different storage schemes indicated the
suitable storage system for wind power integration. The annual cost of solely battery storage is

more than two times higher than that of the combined LAES and battery storage system,

\%



meantime, the larger the wind farm, the more obvious the economic advantages of the
combined storage system.

In the third part of this work, the multiple functions of LAES in decarbonizing a hybrid
renewable micro-grid with high share of wind power were investigated. A mixed-integer linear
programming (MILP)-based system design framework with the decoupled model of LAES was
developed, which can determine the optimal sizes and operation of the micro-grid components
and the LAES units. Specifically, the optimal charge/discharge energy to power ratio (27/14 h)
and the storage tank size (608 t) of LAES in a micro-grid with 75% of wind power were
obtained, leading to ~60% of carbon emission reduction on the 2016 level. The results also
revealed the key roles of LAES in supporting a micro-grid with high share of wind power by
providing multiple functions. The total benefits were split into six explicit revenue streams for
the first time, including the time shifting (13.2%), renewable firming (11.4%), peak shaving
(28%), flexibility (21%) and reserve value (20.4%), as well as the waste heat recovery (6%). It
also indicated that a higher renewable percentage (over 50%) would be the major driving force
to increase the attractiveness of LAES in micro-grids than the mildly reduced LAES capital
cost and the enlarged electricity price differences.

In the fourth part of this work, the cost-effective pathways and the storage needs for the
transition to a net-zero carbon energy system in the UK by 2050 were assessed. A MILP-based
energy expansion model was developed to achieve the optimal design and operation of the
system. Firstly, the results revealed that a future 100% renewable or net-zero carbon power
system is feasible with levelised cost of energy (LCOE) at 65~80 £/MWh, and a net-zero
carbon heat system is affordable with the levelised cost of heat (LCOH) at 45~63 £/MWh. The
major expansions are onshore wind power (94.5 GW) in power sector and air-source heat pump
(~80 - 90 GW) in heat sector. Secondly, storage technologies would play crucial roles in a net-

zero carbon system, only ~10-12% of investments in electric storages would reduce the total

Vi



annual costs by ~15.1% - 28%. The major storage expansions lie in LAES (384 GWh) in power
sector and the short-term heat storage (330 GWh) in heat sector. Thirdly, the newly deployed
capacities of renewables and storages in different zones are correlated with each other, the
LAES and renewable capacity ratio is around 20%. It also indicated that the LAES with the
charge durations at 8~10 h and discharge durations at 14~15 h is more suitable for the wind-

dominated case in the UK than short-duration batteries (~4/5h).
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1 Introduction

1.1 Background

1.1.1 Net zero carbon emissions with renewables

In past decades, environmental deterioration and climate changes have drawn
considerable attention across the world, which are strongly attributed to the green-house gas
(GHG) emissions and primary fuel exhaustion, accompanied with the explosion of human
populations and increasing demands in power, heating, cooling and transport sectors [1].
Especially the recent war on Ukraine has led to energy poverty, sharp rise in living costs and
economic challenges particularly in Europe.

Therefore, the urgency for new energy provision and carbon emission reduction have
been triggered globally. Many countries have proposed carbon reduction plans and made
pledges in Paris Agreement 2015 [2]. The agreement set a long-term climate goal as:
substantially reducing global GHG emissions to limit the global temperature increase to 2 °C
in this century while pursuing efforts to limit the increase even further to 1.5 °C, which needs
international cooperation and global coordinated efforts [3]. Upon this fundamental protocol,
COP 26 (Conference of the Parties 26) held in 2021 launched ‘the Glasgow Climate Pact’ [4],
which has involved over 200 countries globally to further accelerate the action. It stated that
the CO2 emission must be reduced by 45% by 2030, and achieve net zero by 2050. Several
major economies have set out legally binding targets. For example, the UK has pledged to
achieve net-zero carbon emissions by 2050 [5], which had 454.8 million tons (Mt) of carbon
emissions in 2019. China promised to achieve carbon neutrality by 2060, and India aimed at

the net-zero carbon target by 2070 [4]. The United States America (USA) pledged to reduce



net greenhouse gas emissions by 50-52% in 2030, and reach net-zero emissions no later than
2050 [6].
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Figure 1.1. The global renewable deployment map [7]

Net-zero carbon means a huge reduction in the use of fossil fuels, falling from nearly
four-fifths of total energy supply in 2020 to slightly over one-fifth by 2050. More specifically,
this means cutting 98% of unabated coal demand to just less than 1% of total energy use in
2050, reducing oil demand by 75% from around 90 million barrels per day (mb/d) in 2020 to
24 mb/d in 2050, decreasing gas demand by 55% to 1750 billion cubic metres [2]. To make up
the energy demand, the share of renewable energy in the total primary energy supply need to
grow by 1.4% per year to 63% in 2050. Despite a significant progress has been made in
increasing renewable penetration, this is far from the needs. Figure 1.1 shows the current global
deployment status [7]. One can see that the major players include China (26%), the USA (15%),
India (12%), and the EU (9%) [7].

Looking at the power sector specifically, renewable generation was predicted to

provide ~90% of electricity by 2050, with wind and solar Photovoltaics (PV) together account



for nearly 70%. These imply the needs for rapid deployment of the solar and wind power with
their capacities expected to increase to 7122 GW and 5445 GW respectively by 2050 [2]. Such
a scale of deployment presents huge challenges in the stability and reliability of the power grids
due to the intermittency, variability and unpredictability of the renewable generation. Various
approaches have been proposed to address the challenges, including flexible dis-patchable
power, transmission interconnection, multiple storage technologies, smart grids and demand-
side management (DSM) [7][8]. Clearly, each of these approaches has their own disadvantages.
The dis-patchable power is generally hydrocarbon-based, which emits carbon. Improving grid
transmission capacity would trigger significant cost increase and implement delay. DSM relies
upon customers’ behavior, leading to uncertainties [9]. Energy storage technologies have a

unique role, which will be discussed in the following (Section 1.1.2).
1.1.2 Different storage technologies

Energy storage provides one of the solutions to cope with challenges triggered by high
renewable penetration as mentioned above and offers several advantages [9][10]. Firstly,
energy storage decouples the renewable energy supply and demand due to its time-shifting
function. Secondly, its can accommodate large untapped renewables, to avoid curtailments and
green energy waste. Thirdly, energy storage can support isolated distributed energy systems
with renewables by ensuring the supply and improving the system efficiency. Finally, energy
storage can also provide other benefits for electricity market with higher renewable share, like
achieving energy arbitrage, relieving transmission congestion, increasing the grid flexibility
and reliability, and regulating the frequency and voltage etc. [11]. Various storage technologies
are available for the provision of these services, which are briefly summarised in the following.

Pump hydro energy storage (PHES): This is a mechanical-based energy storage, it
works by charging the upper water reservoir with water pumped from lower reservoir, and

discharging when water drives turbines to produce power and return to the lower reservoir. It



is the mostly widely developed storage technology, with over 178 GW of capacities installed
globally [12]. The advantages of this storage include: high efficiency (~80%), long lifetime
(40~60 years), quick response time and fast ramp-up rate etc. The disadvantages are its low
energy density (0.5 - 1.5 kwWh/m?®), geographical constraints and significant initial cost [13].

Compressed air energy storage (CAES): This is a thermal-mechanical-based energy
storage, consisting of the charging system (with air being compressed), compressed air storage
reservoir, and the discharging system (with air driving turbines). It is another commercially
mature storage technology. The widely studied CAES systems include the conventional
diabatic CAES, the advanced adiabatic CAES (AA-CAES) and the isothermal CAES. The heat
source for expansion and the operating temperature profile distinguish these three CAES plants
[14][15]. The RTEs of CAES are between 50% ~ 70%, the energy density is about 0.4 - 20
kWh/m?®. The functions CAES can provide include load shifting, peak shaving, frequency and
voltage control and renewable integration etc. [16]. At present, there are two well-known
CAES plants which have been operating successfully for decades, namely the Huntorf (321
MW) in Germany and Mcintosh (108 MW) in America. Other CAES plants in US, Chile and
China are being planned and built during next decades [14].

Liquid air energy storage (LAES): This is a thermal-mechanical-based energy storage,
consisting of three major sub-systems, air liquefaction unit (LFU), cryogenic storage tank and
power recovery unit (PRU) [17]. LFU transforms electricity from the grid and renewables into
liquid air through liquefaction process. The liquid air is then stored in cryogenic tanks at
ambient pressure. PRU transforms cryogenic exergy of liquid air back into electric power
through turbine train when needed. The RTE can reach 50%~60% when both the compression
heat and the high-grade cold energy can be recovered. The energy density is ~ 120-200 kWh/m?3,

and there is no geographical constraint [18].



Pumped thermal energy storage (PTES): This is a thermal-mechanical-based energy
storage. During charging, input electricity is converted to thermal energy to establish a
temperature difference between a hot and a cold reservoir. During discharging, the stored
thermal energy is converted back to electricity through a power cycle, such as a Brayton or a
Rankine cycle, corresponding to Brayton-based PTES and Rankine-based PTES [19] (shown
as in Figure 1.2). Brayton-based PTES systems work with media like argon, air, super-critical
CO2 (sCO2), helium hydrogen and nitrogen [20], with the RTE in the range of 45% [22] - 75%
[25], and the energy density at ~30-70 kWh/m? [21]. Rankine-based PTES can be distinguished
into different cycles based on their working media, including steam Rankine cycles [31],
organic Rankine cycles (ORC) [29] and trans-critical CO2 cycles [28] , as well as cascade
ammonia and water steam cycles [22] and cascade trans-critical CO2 [28] and subcritical NH3
cycles [32]. The system RTESs are in the range of 40% [29] to 70% [31], which can be increased
to over 100% based on electricity input when external low-grade heat [34] or waste heat sources

[36] are utilized, and its energy density is at ~15 kWh/m? [20].
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Figure 1.2. The layout representation of cycles: (a) Brayton-based PTES; (b) Rankine-based PTES [19]

Hydrogen energy storage (HES): This is a thermo-chemical energy storage as shown
in Figure 1.3. A water electrolysis is adopted to produce hydrogen by using grid or renewable
electricity. The hydrogen can be stored in high-pressure container or in liquid state, or injected

into gas pipelines for transmission. Fuel cells or combustion turbines are two key technologies



to convert chemical energy of hydrogen into power with waste heat [16]. Three electrolyser
technologies are currently available, including Alkaline electrolyser (efficiency 43-66%,
mature), polymer electrolyte membrane electrolyser (efficiency 68-72%, early commercial),
and high temperature Solid Oxide electrolysers (efficiency up to 98%, developing stage) [11].
Fuel cell technology is more efficient and quieter, and produces less pollution than the
combustion technology [23]. The RTE of power-to-power system is at ~ 30% - 50%, the energy
density is high at 530 — 750 kWh/m? (200 — 300 bar compressed gas state) or 2360 kWh/m? in
liquid state [11]. It is a very promising technology when performing as a long-term energy
storage [24], but it currently needs significant cost reduction and durability improvement to

deploy this technology in large-scale.
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Figure 1.3. The working principle of hydrogen storage [16]

Flywheel energy storage (FES): This is a mechanical energy storage technology with
high power density and low energy density. Energy is charged by accelerating rotating
mass(flywheel) and discharged by deaccelerating the rotating mass. Its performance is mainly
affected by the moment of inertia of the rotor and rotating speed [25], the efficiency is as high
as 90% - 95%. There are two categories, namely the low-speed flywheel (<10,000 rpm) and
high-speed flywheel (10,000-100,000 rpm). It suits for short-term electricity services, like

frequency response and power quality [14].



Lithium-ion batteries (LIBs): This is an electrochemical energy storage technology,
featuring high energy density (75 — 200 Wh/kg), quick response (~ms) and high efficiency
(>80%) [25]. It consists of two electrodes, the cathode (lithiated metal oxide, like LiCoO> and
LiMO,) and anode (layered graphitic carbon), with the electrolyte of lithium salts (such as
LiPF6) dissolved in organic carbonates [25]. Nowadays, it has been widely used in renewable
integration and electric vehicles (EVs). A 32 MW/8 MWh Li-ion storage system for a 98 MW
wind farm in 2011 has been established [26]. Another case is that 15-20 kWh and 50 kWh of
Li-ion batteries have been applied into hybrid EVs and EVs [27]. However, the major
drawbacks of LIBs are short lifetime and rapid degradation [16], which need significant
improvement.

Redox flow batteries (RFB): This is an electrochemical energy storage technology, but
is different from the conventional electrochemical batteries. A RFB system consists of the cell
stack with two electrolyte flow compartments separated by the ion selective membrane, and
two external liquid electrolyte tanks. Taking Vanadium Redox Flow Battery (VRFB) as an
example, the working principle is illustrated as in Figure 1.4. The charging/discharging
chemical reaction is V4t & V5t + e7, V3t + e~ & V2% the H* irons are exchanged
through the iron selective membrane [16]. This RFB can achieve the independence of power
and energy capacity of batteries and has low capacity expansion cost [13], similar to CAES
and LAES, which facilitates its large-scale (kW - multi MW) and long-duration (>10h)
applications. Its advantages include the moderate energy density at 10-70 kWh/m?3, the high
efficiency around 70%-85%, and the low self-discharge rate (0.1-0.4%/day), as well as long
lifetime (10-15 years) [14]. However, research work is needed to improve the energy density,

develop new cheaper materials and reduce the environment issues caused by acid solution.



Table 1.1. The techno-economic performance of different storage technologies [11][13][16][25][28][22][25][25][26][27][29]

Energy Power Discharge _ Self- Life time Stand-alone Respons Specific power Specific
EES density rating energy/power  discharge cycle N cost $/kwW energy cost
kWh/m?3 (MW) ratio (hours) rate (%) (years) efficiency (%) & time (avg®) $/kWh (avg®)
PHES 0.5-1.5  100-1000 ~8-16 Neg? 40-60 ~70-85 ~min 2638 165
CAES 3-15 10-1000 ~8-40 Neg 20-40 ~50-70 ~min 1669 105
LAES 60-120 10-300 ~4-360 Neg 25+ ~50+ ~min ~2100 ~280
PTES_Brayton  30-55 <150 ~6-72 Neg 20 ~40-80 ~min ~3600 460-560
PTES Rankine  15-20 <100 ~6-72 Neg 20 ~35-70 ~min ~2700 275-376
HES 530-750 <100 ~hours-days Neg 20+ ~20-50 ~S ~2793 ~279
FES 20-80 0.01-1 ~0.25 >20%/hour 15+ ~90-95 ~S 2880 11520
Li-ion 200-400 0.1-100 ~4-6 0.1-0.3% 10-15 ~75-90 ~Mms-S 1446 362
VRFB 20-70 <100 ~10-20 Neg 10-20 ~75-85 ~S 2598 650

Notes:
1. Neg — negligible.
2. Response time: min — minute level, s — second level, ms — millisecond level.

3. avg — average level.
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Figure 1.4. The working principle of VRFB [16]

1.1.3 Multi-energy system

By 2021, global CO2 emissions from energy combustion and industrial processes have
reached 36.3 Giga-tonnes (Gt) [30]. Thus, the de-carbonization of the whole energy system
today, not only focusing on the electricity sector, but also attending to the heating, cooling and
transport sectors, as well as incorporating different storage technologies, poses the greatest
challenge that humankind has ever faced. This needs taking a holistic multi-energy system
perspective for policy makers and researchers alike. The original concept of multi-energy
systems (MES) is dated back to the 1990s [31], which has been extended to the newly ones in
literatures [32,33]. Nowadays, the concepts, such as multi-energy systems (MES), hybrid
energy systems (HES), poly-generation energy systems (PGES) have been put forward, which
integrate multiple energy carriers (gas, electricity, hydrogen etc.), conversion technologies (gas
turbines, heat pumps and fuel cells etc.) and energy sectors (power, heating, cooling and
transport etc.) together at the system level [34]. These system concepts aim at investigating
how energy systems can be designed, operated and regulated in an interconnected and

collective way, to improve their technical, economic and environmental performance.
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With regards to the planning and operating of MES, energy system models were
developed to determine the selection, sizes and dispatch of multiple technologies, in order to
optimize the overall techno-economic and environment metrics. The first multi-energy system
model was proposed in the 1970s by the International Energy Agency (IEA) and the
International Institute for Applied System Analysis (IIASA) [35,36]. Nowadays, these models
have been developed significantly with more renewables penetrating into conventional energy
systems, and with more complex and tight interactions within MES. New modelling challenges
were introduced as well[34][37], they are: a) the modelling formulation to deal with the novel
energy carriers, conversion and storage technologies; b) the modelling approaches to cope with
the increasing complexity and interactions within multiple energy sectors; c) the modelling
capacity to manage the uncertainties of future energy systems; d) the modelling skills to reveal
more system details but reduce the high calculation volume; e) the complex optimization
involving multiple objectives including technical, economic, environment and human
development aspects. Among various optimization algorithms, the mixed-integer linear
programming (MILP) or linear programming has been one of the most popular approaches to
formulate the whole energy system model, which has been widely investigated among
researchers and planners since 2000s [36,38-40]. It is capable of determining how energy is
transported, converted, stored and dispatched due to its flexible formulations, reasonable

computation cost and mature commercial solvers.
1.2 Objectives and layout of the thesis

Overall, this work aims to conduct the optimization of LAES system and investigate its
applications in different-scale multi-energy systems (MES). Specifically, the optimal
thermodynamic and dynamic optimization of LAES were conducted first. Secondly, the MILP-
based design and operation framework for integrating LAES with a micro-grid-level MES and

a country-level MES were developed, to explore its multiple functions and benefits in helping
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managing higher renewable penetration and reducing CO> emissions. The layout of this thesis
is presented as follows:

Chapter 2: Literature review, the work related to LAES system and MES all has been
reviewed in details, including the system description and working principle, the development
history, the related extensive research studies and analysis.

Chapter 3: The thermo-economic multi-objective optimization of a stand-alone LAES
system. It aims at assessing the thermodynamic and economic performance of LAES by
optimizing the design and operational parameters, and further to guide the design and
investment of the system.

Chapter 4: The dynamic simulation and analysis of LAES integrated with wind power.
It is to investigate the dynamic behavior and response characteristics of LAES when integrating
with wind energy, and to find the methods to improve both the system steady and dynamic
performance.

Chapter 5: The optimal design and operation of a hybrid-renewable micro-grid
(HRMG) with the decoupled LAES. It aims at investigating the multiple functions and value
streams of LAES in HRMG, in order to achieve the optimal deployment of LAES in HRMG
and to increase its attractiveness.

Chapter 6: Achieving a net-zero carbon energy system with LAES and an optimal
storage combination. It is to develop a net-zero carbon energy system at country-level with
multiple conversion and storage technologies, discussing the key roles and compensation value
of LAES and other storage technologies for supporting a net-zero carbon energy system in the
UK.

Chapter 7: Conclusion. It summarizes the major results of the thesis, extracting the

most relevant conclusions and draw the line for future developments and studies.
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2 Literature review

2.1 Liquid air energy storage

2.1.1 Basic principle

2.1.1.1 Working principle description

A stand-alone LAES is illustrated in Figure 2.1, the system has three key subsystems,
namely the air liquefaction unit (LFU, charging process), storage unit and power recovery unit
(PRU, discharging process). The detailed working principle is introduced as: in the charging
process, LFU absorbs off-peak electricity (low-cost) or excessive renewable power to compress
the purified air to a high pressure (charging pressure) through multistage compression (state 1-
6), which is then cooled in heat exchangers (‘cold box’, state 6-8) by recycling air and cold
storage media. The compression heat is recovered and stored in thermal storage medium.
Liquid air is produced after expansion machines, like cryo-turbine or throttling valve (state 8-
9), and then is stored in cryogenic tanks at ~78 K and near-ambient pressure (state 9-11). In the
discharging process, the stored liquid air is pumped to a higher pressure (discharging pressure,
state 11-12), releasing cold energy to the cold storage media in the evaporators (state 12-13),
the recovered cold energy can be reused in the air liquefaction process. The high-pressure air
is then heated by the recovered compression heat before entering air turbine train, to generate
electricity through expansion process (state 13-18). An efficient liquefaction process and power
recovery process could significantly enhance the working performance of the whole system,

thus the key technologies about these two processes are introduced next.
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Figure 2.1. (a) Process flow diagram of a LAES (solid line — air cycle, dashed line — hot/cold recovery cycle) and (b)

the associated T-s diagram (solid line — charging cycle, dashed line — discharging cycle)

2.1.1.2 Air liquefaction process
The air liquefaction process turns the high-pressure air into liquid at a suitable pressure
(boiling point at -194.35 °C / 78.8 K at 1bar). This significantly reduces the volume by ~700
times [41]. Key parameters affecting the performance of the liquefaction process and liquid air
yield include the type of liquefaction cycle used, the charging pressure, the performance of
multi-stream heat exchangers (cold box), compressors and the cryo-turbine etc. The optimal

charging pressure has been investigated in several studies, which was shown to be at around
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12-18 MPa [42-45]. It has also been found that, the higher the efficiencies of the compressors
and cryo-turbine, the better the liquefaction performance, with the impact of the compressor
efficiency stronger than that of the cryo-turbine [46]. The role of the heat exchanger efficiency
is also crucial, as illustrated by Guizzi et al. [42], who showed that an increase of 5 K in the
pinch point of the ‘cold box’ could lead to a 2.2% of decrease in round trip efficiency (RTE).
Commonly used air liquefaction cycles include Linde-Hampson cycle, Claude cycle,
Kapitza cycle, Heylandt cycle, and Collins cycle [41], as illustrated in Figure 2.2. The Linde-
Hampson cycle has the simplest configuration (Figure 2.2(a)), featured by a long lifespan and
a low cost. However, the exergy loss of the irreversible throttling process and the mismatch of
the temperature profile in the cold box mean a low exergy efficiency of the cycle below ~10%
[47]. The Claude cycle (Figure 2.2(b)), Kapitza cycle (Figure 2.2(c)), Heylandt cycle (Figure
2.2(d)) and Collins cycle (Figure 2.2(e)) are variants of the Linde-Hampson cycle, aimed for
improving the liquid yield. The Claude cycle uses two expanding machines, a Joule Thomson
valve and an expander, which has been shown to have a comparable efficiency but a better
economics than Collins cycle [48]. However, the Collins cycle allows the system to work under
a lower pressure. The disadvantages of Collins cycle are its complexity in system configuration,
and high investment and maintenance costs due to multiple cryogenic expansion devices. Borri
et al. [49] and Zhang et al. [50] investigated a LAES system with a Kapitza cycle, showed that
the cycle was more suitable for low-pressure working conditions. The Heylandt cycle is a high-
pressure cycle (up to 20 MPa) [41]. Hamdy et al. [51] compared the performance of six
liquefaction processes. They found that the Claude cycle had the highest exergy efficiency of
~76 - 82%; whereas the Heylandt cycle gave the highest RTE with the lowest liquefaction

power requirement, and the Kapitza cycle could achieve the lowest investment costs.
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Figure 2.2. The common liquefaction cycles (a) Linder-Hampson cycle (b) Claude cycle (¢) Kapitza cycle (d) Heylandt

cycle (e) Collins cycle [52]

2.1.1.3 Air expansion process
The power recovery process extracts the cryogenic exergy in the stored liquid air and
converts it back into electrical power when in demand, with the stored compression heat reused
in the process. Key factors affecting the performance of the power recovery process include
the discharging pressure, the cold recovery process in the evaporator, the reheating temperature
before expansion, and the efficiencies of the cryo-pump and turbines. Studies of the effect of
the discharging pressure have indicated an optimal operating pressure of ~9-12 MPa [53,54].
However, this optimal value varies depending on the system configuration and other operating

conditions [55] [56]. Tafone et al. demonstrated that a 1% of increase in the reheating
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temperature could produce a 1% of increase in the specific work output when the discharging
pressure remains constant [56]; whereas Liang et al. [55] found that the turbine efficiency has
the most important impact on the overall system efficiency with the effect of cryo-pump
efficiency being lowest. Sciacovelli et al. [44] demonstrated that a 16% of enhancement in
recoverable cold energy could lead to a 20%- 30% of increase in the RTE and the liquid yield,
respectively.

There are four basic cycles for power recovery (electrical generation): direct expansion
cycle, Rankine cycle, Brayton cycle, and combined cycle [17]; see Figure 2.3 for schematic
illustrations. For a standalone LAES system, the commonly adopted cycle is the direct
expansion. In such a cycle, liquid air is pumped to a high pressure, and then heated before
expanding through turbines to generate power. It has the lowest cryogenic exergy utilization
rate, because only the mechanical (pressure) part of the cryogenic exergy is used. The recovery
and reuse of the thermal part of the cryogenic exergy are crucial, which can be stored in the
high-grade cold store, and reused in the liquefaction process to enhance the liquid yield [57].
In fact, the use of a direct expansion cycle with high-grade cold recovery in the discharging
process could lead to a much higher RTE than only a combined cycle is used [58]. In addition,
as reported by Peng et al. [43], some 20-45% of the compression heat could be in excess and
utilised through integrating with other processes to improve the overall system efficiency.
Examples of such integration include LAES-ORC [45], LAES-ORC-VCRC [49] and LAES-

ORC-ARC [59].
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Figure 2.3. The common power recovery cycle of cryogen energy: (a) Direct expansion cycle; (b) Direct expansion

with Rankine cycle; (c) Direct expansion with Brayton cycle; (d) Combined cycle [52]

2.1.2 Development history

The pioneering work on LAES can be dated back to 1977 when liquid air was proposed
for peak-shaving of power grids by University of Newcastle upon Tyne [60]. This led to
subsequent research by Hitachi in 1980-1990s and Mitsubishi Heavy Industries, aiming at
replacing CAES in the late 1990s [61]. It was a collaborative research between the University
of Leeds and Highview Enterprises Ltd. (now branded as Highview Power) started from around
2005, which has led to substantial development of the technology - the world’s first LAES pilot
plant (350 kW/2.5 MWHh) between 2009 and 2012 (Figure 2.4 (a)) [62]. A pre-commercial
LAES plant (5 MW/15 MWh) between 2018 and 2020 (Figure 2.4 (b)); and the announcement

of the construction of the world’s first commercial LAES plant (50 MW/250 MWh) in 2020
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[63]. The first commercial plant is still under construction and is projected to be operational in
late 2023 or early 2024, and the actual scale of the plant has been increased from 250MWh to

300 MWh.

(@) (b)

Figure 2.4. The LAES plants: (a) 350 kW/2.5 MWh at University of Birmingham (b) 50 MW/250 MWh in North of

England [64]

2.1.3 Literature review on LAES

2.1.3.1 Stand-alone LAES systems

LAES was first proposed and studied without utilizing the excess compression heat.
Most studies on such systems were on the analyses of system energy and exergy efficiencies
and some on economic analyses.

Energy analyses Guizzi et al. [42] and Xue et al. [65] found that a 50% of RTE could
be reached for a stand-alone LAES. Sciacovelli et.al [44] investigated a 100 MW/300 MWh
stand-alone LAES system with packed-bed cold store. A RTE of around 50% can be reached,
but the power consumption during the charging process increased by 25% due to the formation
of thermocline in the packed bed. Liang et al. [55] and Liu et al. [66] developed an optimization
scheme to optimize the operational parameters, including the charging/discharging pressures,
temperatures, and system configurations. They found an optimal efficiency as high as 60% -

63%.
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Exergy analysis Ameel et al. [67] studied the exergy destruction and recovery within a
LAES cycle, and concluded that the cold and heat recovery was of high importance. Guizzi et
al. [42] found that the major exergy loss came from the compression and expansion processes.
Andrea et al. [68] analysed the exergy distribution of LAES at both component and system
levels with the system operated under the design and off-design conditions. Hamdy et al. [69]
conducted an overall exergy analysis of LAES by using a ‘fuel/product’ method and found the
irreversibility of the liquefaction process accounted for as high as 75%. Jimena et al. [70] split
the irreversibility of a LAES cycle into avoidable and unavoidable parts, and concluded that
the major potential improvement would lie in the main heat exchanger of the power recovery
unit, which could avoid 60% of exergy destruction.

Economic analyses Xie et.al [71] assessed the economics of a decoupled LAES system
when participating in the UK electricity service markets. The results indicated that a large-scale
LAES with high-grade waste heat (150 °C) would be profitable. Lin et al. [72] found similar
results for a LAES system (~200 MW), which was shown to achieve a payback period of 25.7-
39.4 years without introducing external waste heat. Wang et al. [73] found that the payback
period of standalone LAES systems ranged between 9.6 and 31.7 years when the capacity
increased from 10 MWh/day to 200 MWh/day at a peak-valley electricity price ratio of 3.3:1.
Clearly, maximising the utilization rate of the compression heat and/or the introduction of
external waste heat to the stand-alone LAES system would shorten the payback period and

hence improve the economic benefits.
2.1.3.2 LAES integrated systems through compression heat

Around 20% - 40% of compression heat (recovered from the LAES charging process)
was not effectively used in many analyses, which provides an opportunity to improve the
system RTE [45,74,75]. As a result, different solutions have been proposed to use the excess

compression heat and associated techno-economic analyses have been carried out. These
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studies include power and cooling generation technologies at medium-to-low temperature,
such as organic Rankine cycle (ORC), absorption chiller (ABC), Kalina cycle (KC), and

thermo-electric generator (TEG), and district heating network, as illustrated in Figure 2.5.
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Figure 2.5. LAES integrated with different heat recovery technologies for excess compression heat

utilisation [18]

The ORC is the most widely studied method for excess compression heat recovery and
utilisation in LAES plants. She et al. [45] performed an thermo-economic analysis on an
integrated LAES-ORC system. They found that, compared to the stand-alone configuration,
the integrated system could increase the exergy efficiency and RTE by 9-12%, with a payback
period of as low as 3 years when introducing a vapour refrigeration cycle as a heat sink for the
ORC. Peng et al. [53] proposed a similar configuration to replace vapour compression chiller
with a waste-heat powered water-ammonia ABC. Their technical analysis showed that the
LAES-ORC system without the ABC (using ambient water as heat sink directly) had a simpler

configuration but a higher RTE than the system with ABC, and both of them could have a RTE
20



over 60%. Tafone et al. [76] compared the economics of standalone LAES, LAES-ORC and
Li-ion batteries. Their results showed that the levelised cost of storage (LCOS) of the stand-
alone LAES was decreased by 10% when LAES-ORC system operated in a poly-generation
mode.

The KC cycle can be used for recovering the excess compression heat efficiently.
Ebrahimi et al. [77] proposed a LAES-KC cogeneration system, where phase change materials
(PCMs) were used to recover and store the LAES excess compression heat. By reducing the
charging pressure and increasing the discharging pressure of the LAES, the RTE and the
electrical storage efficiency of this hybrid system were shown to be enhanced to 47.6% and
61.6% respectively. Zhang et al. [50] proposed an ammonia-water based KC cycle coupled
with LAES for excess compression heat recovery. A 10% of increase in the RTE was obtained
compared with the stand-alone LAES without KC. The same researchers [78] compared the
performance of KC and ORC based cycles for LAES excess compression heat recovery and
utilization. Their results showed that ORCs generally could outperform KCs with optimal
working fluids and conditions. The subcritical ORCs with dry fluids were found to be more
suitable for excess compression heat recovery. KCs, on the other hand, would require a higher
operating pressure, which would require a more complex system design and a higher
investment.

Apart from the use of ORC or KC individually for power generation, Nabat et al. [79,80]
studied a combined ORC and KC system with TEG for power generation. For the ORC-TEG
hybridization [80], both electrical power and hot water could be produced through a cascaded
arrangement of ORC and TEG to fully utilize the excess heat, leading to an improved system
RTE and exergy efficiency to 61.1% and 52.8%, respectively, 6.59% and 3.28% higher than
systems without the excess heat utilization. A payback period of 3.91 years was shown,

together with a final profit of $18.6 million. With a KC-TEG hybridization [79], the RTE was
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shown to be increased to 61.6%, with a payback period of 3.5 years and a total profit of $26.3
million for a 30-year operation if an optimal charging pressure of 150.9 bar and a discharging
pressure of 84.4 bar were adopted. The combined LAES-TEG system was investigated by Liu
et al. [81] as well, their techno-economic analysis suggested an optimal hot water outlet
temperature of 60-80 °C, an overall efficiency increase of 1.7%, and a payback period as low
as 3 years.

Tafone et al. [76,82] studied a LAES-based poly-generation system, with LAES
integrated with an ORC and a waste heat-driven ABC to provide electricity, heat and cold
energy for district heating and cooling networks. Their results showed that the overall RTE of
the LAES for the tri-generation could reach 45 - 56%. She et al. [83] proposed a hybrid LAES
system to provide cooling, heating, hot water and power simultaneously. The equivalent RTE
was shown to be between 52% - 76%, with the highest achieved at a charging pressure of 5
MPa. Cui et al. [84] studied a novel multifunctional LAES system for the provision of heating,
cooling, electricity and fresh air. Such a LAES system was shown to reach an energy efficiency
of 75.4% with an LCOE at 0.79 CNY/KWh in Beijing. Al-Zareer et al. [85] proposed a LAES
system for district heating and cooling applications, with a gas turbine and an ORC for power
generation during discharging, and a solid-gas reactor for heating and cooling. They showed
that the overall energy and exergy efficiencies of 72.1% and 53.7%, respectively, could be
achieved. Vecchi et al. [86] performed a techno-economic analysis on a LAES-based system
for heating, cooling and power applications, and showed that the RTE of the overall system

increased by 54.8%, and the operational cost reduced by 8-12%.
2.1.3.3 LAES integrated with external heat sources

Although compression heat may not be effectively used in some cases, the use of
external heat sources can be of an advantage from either or both economical and system

efficiency aspects. Briola et al. [87] proposed a LAES system with a gas turbine cycle. Their
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energy analysis revealed a specific work of the charging circuit at 486 kJ/kg, and a storage
efficiency (a new indicator) of 2.173. Their economic analysis indicated a differential Net
Present Value Ratio of 2.764 under an optimistic scenario. Hanak et al. [88] proposed the
combination of cryogenic oxygen storage with an oxy-coal fired power plant to enhance overall
efficiency and economics. Their results showed the enhanced flexibility by the combined
system, as well as daily financial return by 3.8%-4.1%. Chino et al. [89] proposed and analysed
the use of stored liquid air to a gas turbine combustor, and found that the generated power could
be doubled compared with the system with air compressors, and the RTE could reach 70%.
Piotr et al. [90] studied a LAES system (270 MW, 1080 MWh) with a combustion chamber.
Under a charging pressure of 12 MPa, a discharging pressure of 2.1 MPa, and an expansion
turbine inlet temperature of 1300 °C, the system RTE was found to be 55.2%.

Barsali et al. [91] modelled a hybrid system with liquid air as an energy storage medium
and LNG as a fuel, an equivalent RTE ranging from 82% with carbon capture at 100 bar to
104% without carbon capture at 150 bar can be obtained. Kim et al. [92] investigated a
combined renewable-LAES-LNG system, in which renewables were to provide electricity for
charging LAES, and LNG regasification and combustion to help increase power generation
during LAES discharging. The energy and exergy efficiencies of the combined system were
shown to be 64.2% and 62.1%, respectively, and the system LCOE ranged from 142 to 190
$/MWh depending on the system sizes and storage time. Due to carbon emissions of natural

gas (NG) and coal combustion, the use of external heat from non-carbon sources to the LAES
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Table 2.1. Summary of the recovery of LAES excess compression heat

The systems for compression heat
Authors/Ref. y pressi

Round trip efficiency (yre)
Working fluids

Exergy efficiency (77ex)

Economic indicators and

utilization values
PBP for th
LAES-ORC o or the proposed
’ o Liquid air for LAES Charding: 83-87% ORC: ~3 years
eat source: compression heat arging: 83-87%
She et al. [45] ’ e P ) R32/ R502/ R134a for ORC Up to 62% Disch J .g 80-820 (based on 5 MW/40
eat sink: vapor compression ischarging: 80-82%
Sin vap pressi R134a for VCRC ging MWh LAES)
refrigeration cycle (VCRC)
LAES-ORC Liquid air for LAES
Peng et al. [53] Heat source: compression heat R134a for ORC Up to 64% Charging: 85% /

Heat sink: ABC or ambient water

LAES-ORC - (ABC)

Tafone et al. .
Heat source: compression heat

[76,82]
Heat sink: ambient

LAES-ABC-direct heating

She et al. [83] )
Heat source: compression heat

LAES-ABC-direct heating

Cui et al. [84] )
Heat source: compression heat

LAES-ORC-solid gas reactor

Al-Zareer et al. Heat source: compression
[85] heat/combustion heat

Heat sink: ambient

Ammonia-water for ABC
Liquid nitrogen for LAES
R134a/R245fa for ORC
water-LiBr for ABC

48-53% for electricity
45-56% for trigeneration®

Liquid air for LAES

) 52-76% for trigeneration®
LiBr-water for ABC

Liquid air for LAES 75.4% for trigeneration®

Liquid air for LAES

Ammonia for solid gas
reactor

72.1% for cooling supply
(0°C)?

Charging: 87%
Discharging: 84%

53.7%

LCOS: 0.16 €/kWh
(100MW/400 MWHh, 365
cycles per year)
Primary energy savings:
12.1 MWh
Avoided carbon dioxide
emissions: 2.3 ton
(IMW/8MWHh)
SPBP: ~5 years
LCOE: 0.79 CNY/kWh
(1.5 MW/12MWHh)
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LAES-direct cooling-direct

Vecchi et al. .
heating
[86]
o LAES-KC (KC-based
Ebrahimi et al. . .
cogeneration unit)
[77]

Heat source: compression heat

LAES-ORC

Zhang et al. [78] .
Heat source: compression heat

LAES-ORC-TEG

Heat source: compression heat and

Nabat et al. [80 . .
[80] high-temperature electric heater
Heat sink: ambient water

LAES-KC-TEG

Heat source: compression heat and

Nabat et al. [79
[79] high-temperature electric heater

Heat sink: ambient water

Liquid air for LAES

Liquid air for LAES
Ammonia-water for KC

Liquid air for LAES
n-Pentane for subcritical ORC
R152a for supercritical ORC

Liquid air for LAES
R717 for ORC

Liquid air for LAES
Ammonia-water for KC

72.8% for rigeneration?

47.6% for cogeneration?

~57%

~61% for cogeneration?

~62%

~40%

~58-61%

~53%

Charging: 76.4%
Discharging: 90.32%

Cost saving metric:
8-13%

SPBP: ~4 years
(9.6MW/38.4MWh)

SPBP: ~4 years
(~7"MW/14MWh)

\ Qcooling \ Qheating
Notes: 1 NrrE = COPc_~  COPh

2 —
) RTE —
Wen r]

Wais+Qcooling+Qhreating
Wen
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system has been studied. For example, Li et al. [93] proposed the use of heat from a nuclear
power plant for load-shifting and peak-shaving of nuclear power plants and increasing the
power output of LAES. They showed that the RTE of LAES could reach ~70% and the peak
power of the integrated system can be 2.7 times that of the rated nuclear power plant. Cetin et
al. [94] developed a system combining LAES with a geothermal power plant, with the
geothermal water serving as an external heat source of ~180 °C for the expansion process of
LAES. Their analyses indicated 46.7% of RTE of a LAES, and an overall system efficiency at

~24.4%.

2.1.3.4 LAES integrated with external cold sources
G rted
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LNG Regasification
Facility

Compressor refrigeration LAIR storage Evaporation Heatlng Expansion
t ' Cold storage ' l
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Figure 2.6. The approaches to integrate LNG regasification process with LAES [18]
A LAES system requires cold energy to liquefy air during charging, but the recovered
cold energy during discharging is insufficient with ~18% of shortage [43]. The use of an
external high-grade cold source can therefore improve the system RTE. An example of such
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external cold energy source is from the regasification of Liquefied Natural Gas (LNG). This is

discussed in the following.

The integration of LNG regasification with a LAES system is illustrated in Figure 2.6.

The LAES-LNG integration can be divided into three sub-categories of direct utilization,

indirect utilization through cold storage, and hybrid utilization:

Direct utilization LNG regasification process happens with the LAES charging process.
The high-grade cold energy from LNG regasification process is used to cool down and
liquefy the charging air of LAES directly in cold box. The power recovered from LNG
regasification can be output directly [95,96], or can be used in LAES compression
process [97-99]. The energy efficiencies of this approach varied between 70.5% [100]
- 141.88% [101]. The exergy efficiencies varied in the range of 35% [102] - 50.73%
[100]. This sub-category has a lack of flexibility, as it requires LNG regasification and
air liquefaction to operate simultaneously. Besides, the waste cold energy released from
the LNG depends on the natural gas (NG) demands, which is often fluctuating, thus
adding operational difficulties of such a LAES-LNG integrated system [97].

Indirect utilization LNG regasification process happens with the LAES discharging
process. The high-grade cold energy released from the LNG regasification is captured
and stored by a cryogenic energy storage system (CES). During LAES air liquefaction
process, the stored cold energy from the LNG regasification is reused for air
liquefaction. The power recovered from LNG regasification can be output together with
LAES discharging power [103], or the re-gasified LNG can be used as combustion fuel
in LAES discharging process [92]. This approach increases the flexibility of the
integrated system, and improved system exergy efficiency to be 64% (energy efficiency

88%) [103] and 62.1% (energy efficiency 64%) [92].
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Hybrid utilization LNG regasification process happens with both the LAES charging
and discharging process. This is a combination of the direct and indirect utilization
approaches. The high-grade cold energy from the LNG regasification is recovered
either in the cold box/heat exchangers of the LAES directly [104] or through a CES
unit [105,106], depending on the time of day (peak time and off-peak time [104]). A
highest efficiency of 187.4% has been seen in the work [107], in which air liquefaction
process used cold energy from LNG regasification and CES as cold source. The output
power came from LAES discharging process at ambient temperature and LNG direct

expansion power (cold recovery in CES).

2.1.3.5 LAES integrated with renewables

Recent years have seen a number of studies on the direct integration of LAES with

renewable generation to deal with intermittency and time-shifting of renewables, including

solar thermal heat, solar PV, wind, and geothermal energy. These studies are summarised in

the followings:

Integration with solar thermal energy Solar thermal system can provide medium and
high-temperature heat. Such heat can be used to increase air inlet temperature of turbine
during LAES discharging process. Li et al. [108] proposed the integration of LAES
with a parabolic trough based concentrated solar power (CSP) system with solar heat
stored in thermal oil at ~300-400 °C. The integrated system was found to be able to
provide 30% more output power than the summation of power provided by the CSP
and LAES alone. Other studies include the use of other media to store heat from CSP,
high temperatures ranging from 574 °C [109] to 1100 °C [110] for LAES discharging.
Integration with solar PV Studies on LAES integration with solar PV have been

focused on techno-economic analyses. Legrand et al. [111] investigated the LCOE of
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Table 2.2. Literature summary of LAES integrated with renewables

LAES integrated with Integration method System  scale/ Turbine inlet RTE /% Economic indicator
Renewables MW/h temperature/K
Concentrated solar heat Solar heat for expansion 1 ~300-400 °C ~27.55 \
[108]
Concentrated solar heat CSP power for liquefying air 54 ~400 °C ~54.05 PBP: 2.42 years
[110] Solar heat for expansion Overall profit: 137.4 $M
Solar PV & wind power  Solar and wind power for charging 100/3h ~377°C ~51.7 LCOE: 150 € MWh LCOS:
[111] LAES 50 €MWh
Solar PV & wind power  Solar and wind power for charging 100/4h ~1300°C ~52.7 LCOE: 80-130 €MWh
[112] LAES SB: 5.43 €/MWh
Concentrated solar heat &  Solar heat for expansion 3.9 ~60°C ~45.7% \
wind power [113] Wind power for charging LAES
Wind power [55] Wind power for charging LAES 3 ~200°C ~47.9% Total profits: kE 729.2 -958.6
Geothermal power [94] Geothermal power & heat for 12/1h ~127°C LAES: ~47% \
liquefaction and expansion Overall: ~24.4%
Geothermal power [114]  Same as [94] 12/1h ~127°C LAES: ~ 47% \

Overall: ~28.4%
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integrating LAES with solar power for the Spanish power grid. The effects of LAES
capacity and renewable ratio (wind power to solar power) were investigated. The results
indicated that the LCOE and LCOS (LCOE without accounting for electricity purchase
costs) could be reduced to 150 and 50 €/ MWh, respectively, with a sufficiently higher
solar energy penetration in the Spanish power grid. They also evaluated the price
arbitrage function of LAES in a future 2030 scenario in Spain with almost 100%
renewables (wind + PV) in another study [112]. They found an optimal size of the
LAES charging power which is about 80% of PV nominal power. Such an optimum
scenario suggested a power ratio between charge and discharge is ~0.25 (short day-time
charge and long night discharge). Damak et al. [115] performed an economic analysis
on LAES integration with a PV power plant and a cold storage warehouse. Self-
sufficiency and sound economics could be achieved at sufficiently high PV generation.
Hybrid integration There have been studies on hybrid renewable integration with
LAES; see the studies summarised above [25] [112]. Other studies include the
integration of wind and solar with LAES [113], in which LAES was mainly charged by
wind power, solar heat was used for LAES discharging process, while excess
compression heat of LAES is used for domestic hot water. Such a hybrid plant could
give a RTE of ~50% and an exergy efficiency of ~46%. Liang et al. [55] performed a
detailed study on the integration of a decoupled LAES plant to a hybrid renewable
micro-grid with ~50% of wind power. Their results revealed an optimal energy to power
ratio of LAES with ~ 12 h charging and 6 h discharging for stabilising wind power
generation. The major revenue streams included peak shaving (28%), flexibility (21%),
operating reserve (20.4%), arbitrage (13.2%), wind firming (~11.4%) and waste heat

benefits (6%) [55]. Zhou et al. [113] proposed the use of LAES to store solar and wind
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energy, and showed, by modelling, the RTE and exergy efficiency of about 45.7% and
44.2%, respectively can be achieved.

Integration with geothermal Two studies have been found on LAES integration with
geothermal power generation. In one of the studies, energy generated from a single
flash geothermal plant during off-peak hours is used to produce and store liquid air.
LAES power recovery occurs at peak hours using geothermal heat at ~180°C [94]. The
RTE of the LAES was estimated at ~ 47%, while the overall efficiency of the integrated
system was found to be only 24.4%. The other study considered a binary geothermal
power plant (6 MW) integrated with an air liquefaction unit and a cryogenic organic
Rankine cycle (C-ORC) (1.4 MW) [114]. The C-ORC is driven by the geothermal heat
source (~180°C). The overall efficiency of the combined system was estimated at
~28.4%. This study also indicated a viable solution for flexible operation of geothermal

power plants for peak shaving.

2.1.3.6 LAES integrated with other storage technologies

Recent years have also seen reports on the integration of LAES with other storage

technologies, including CAES, PTES, and TES. They are summarised in the following.

Nabat et al. [80] investigated an integrated LAES system with a thermoelectric
generator, a high-temperature thermal energy store, and an organic Rankine cycle.
Their techno-economic analyses indicated the system energy and exergy efficiencies of
61.13% and 52.84%, respectively, with a payback period (PBP) of 3.91 years.

Wu et al. [116] proposed an integrated system consisting of LAES and a
thermochemical energy store. Their techno-economic analyses showed the system-
level RTE and energy density at 47.4% and 36.8 kWh/m?, respectively, with the PBP

and LCOE respectively at 10 years and 179-186 $/MWh.
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Antunez et al. [117] examined an integrated LAES and PTES system, with the cold
reservoir of LAES replaced by a cryogenic heat exchanger with helium from PTES as
the heat transfer fluid. Their thermodynamic analysis indicated a similar RTE of ~60%
as the systems operated separately, but with a significantly higher energy density. The
study, however, did not include any economic analysis.

Xu et al. [109] compared a liquid CO-based energy storage (LCES) system and a
LAES system in terms of RTE, exergy efficiency, and volumetric energy density. Their
results showed higher RTE (45.35%) and exergy efficiency (67.2%) of LCES compared
with the data for LAES (37.83% and 45.48% respectively). The energy density of
LAES (101.6 kWh/m?) is about 6 times higher than that of LCES (18.06 kWh/m?3).
Krawczyk et al. [90] compared a LAES (270 MW, 1080 MWh) and a CAES (290 MW,
1700 MWh) system. Their thermodynamic analyses indicated a major advantage of
LAES over CAES in terms of energy density and efficiency. Peng et al. [54] obtained
similar results with an energy density of LAES (40.49x10* kJ/m?®) ~7 times than that
of CAES.

Georgiou et al. [118] compared LAES and PTES by techno-economic analyses. The
results indicated a lower power and energy capital cost of LAES, but PTES was found
to be more competitive than LAES in terms of LCOS at an electricity purchasing price
higher than 0.15 $/kWh.

Kantharaj et al. [119] proposed a CAES system with liquid air storage, with an aim to
overcome the needs for a pressurized large storage tank and the geological constraint
of CAES. They found an efficiency of the hybrid system at about 42%, and concluded
that the system was more economical than purely a LAES or a CAES system. Based on
the similar concept, Pimm et al. [120] developed an optimization algorithm and control

strategy to determine the optimal operation of a hybrid LAES and CAES system. Their
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results indicated that the return on investment (ROI) could be maximized if the charging
time of the hybrid system was higher than 36 h, with 80% of total storage capacity being

liquid air at a charge time /discharge time of 2.5:1.

2.2 Multi-energy system and design

2.2.1 Basic concepts

For conventional energy systems, the energy vectors, including the electricity, heating,
cooling, fuel and transport etc., are planned and treated ‘separately’ or ‘independently’.
However, the tight interconnections and interactions among these energy vectors have been
seen to grow and be strengthened [121]. For example, the electricity network gets connected
with the heating/cooling network through heat pumps, while electric vehicles facilitate the

connection between the electricity grid and the transport sector.
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Figure 2.7. The illustration of the MES concept [34]
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Multi-energy system (MES) was proposed to represent a system involving multiple
fuels (from conventional NG to biomass to renewable energy), multiple services (electricity,
heating, cooling and transport), and multiple networks, shown as in Figure 2.7. The electricity,
heating, cooling, fuel and transport sectors and networks are optimally planned and operated
at various levels (town, city, district, region or country), to achieve a cleaner, affordable and

flexible energy system with better technical, economic and environmental performance [122].

2.2.2 Literature review on multi-energy systems

2.2.2.1 MES studies at different spatial levels

Starting from small-scale MESs, Cai et al. [123] designed a community-scale MES with
solar PV, wind, and hydro-power, as well as diesel generator by using interval linear
programming based on the superiority and inferiority of interval parameters. The optimal
resources and services allocation plan were obtained to minimize the total cost, maximize the
reliability and security. Schitz et al. [124] achieved the optimal design of different-scale micro-
grids by using different optimization algorithms. The results showed that the cost and CO;
emissions can be reduced by 4% and 23.7% respectively for the optimal scenario. Meanwhile,
it indicated that the compact optimization is suitable for designing small-scale micro-grids, but
the decomposed method is suitable for large-scale micro-grids. Expanding to the district level,
Rieder et al. [125] have designed a distributed energy system with CHP, gas boiler, heat storage
and the district heating network, to maximize the profit and minimize the CO2 emissions. The
optimal sizes of the system components can be determined under different weightings and
different technology scenarios. Wouters et al. [126] have worked on designing the efficient and
cost-effective distributed residential energy systems in South Australia. It connected
distributed generation units with multiple micro-grids to meet the local electricity, heating and
cooling demands, the optimal components’ capacities and energy generation were obtained

under different scenarios. Thellufsen et al. [127] have presented a methodology to design Smart
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Energy Cities with 100% renewable energy in 2050 (shown as in Figure 2.8). The related
challenges and practical issues have been coped with in the design process, including the fuel
and its consumption, as well as the supply and demand balance solutions.
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Figure 2.8. A smart energy city configuration in Aalborg [127]

For the country-level studies about MES, Elliston et al. [128] compared the investment
costs of two different scenarios for Australia, namely 100% renewable power and low-emission
fossil fuel power system. The results indicated the necessity of continuing researches on carbon
capture and storage (CCS) to decarbonize the conventional fossil-fuel based energy systems,
but 100% renewable electricity is also an economically feasible pathway at low risk for the
future. Colbertaldo et al. [89] assessed the possibility and needs of hydrogen as the energy
storage technology in California power system with 100% renewables. The results showed that
massive electrolysers and fuel cells are needed to balance the supply and demand, like a
combination of 94 GW of solar power and 40 GW of wind power required 77 GW of
electrolysis systems. A techno-economic model was proposed by Rodriguez et al. [129] to
minimize the back-up and transmission capacity, as well as the LCOE for a pan-European
electricity system. It suggested that the optimal way to achieve high renewable penetration is

to lower the costs of wind power, increase back-up power capacities and utilize excess
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renewable energy wisely. For global-level studies, PleBmann et al. [130] have estimated the
energy storage demands for a 100% global renewable electricity system, the storage includes
battery, high-temperature heat storage and power-to-methane (P2M). The results indicated that
the average 142 € /IMWh of LCOE can be achieved by integrating renewables and applying the
optimal energy storage mix globally. McPherson et al. [131] assessed the impacts of future
costs of electricity storage and hydrogen technologies on the transition to low-carbon energy
system globally. It indicated that only the optimistic techno-economic performance of storage
technologies can promote the large-scale deployment of energy storage and hydrogen
technologies, thus, more related R&D projects on storage technologies are needed.
2.2.2.2 MES studies from multi-fuel perspective

Nowadays, inputs into MESs have expanded from conventional fuels, like coal,
oil/diesel, NG, and Uranium (nuclear power plant), to biomass, biogas and waste, as well as to
hydrogen and renewables, including wind energy, solar energy, geothermal and tidal energy
etc. Chen et al. [132] achieved the optimal design of a poly-generation system involving coal,
biomass, diesel, liquid fuels (methanol and diesel etc.) and CCS under different economic
scenarios. Gan et al. [133] determined the optimum sizes of wind turbines, solar PVs, diesel
generators and battery storage in a hybrid system through a model with graphical user interface
(GUI). Ogunjuyigbe et al. [134] optimized the hybrid system with wind turbines, solar PVs,
diesel generators and battery storage as well. The best scenario is a hybrid system with solar
PV and wind power, diesel generator and battery storage, producing the cost of energy (COE)
at 0.13 $/kWh and Life cycle cost (LCC) at $11,273. The net dumped energy and CO>
emissions have been reduced by 82% and 94%. Wang et al. [135] conducted the
thermodynamic analysis and optimization of a hybrid poly-generation system with closed
combined heat and power (CCHP), solar energy (solar PVs and collectors), heat recovery

system and absorption chillers. The results showed that the exergy efficiency can be improved
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by incorporating solar PVs, and the energy efficiencies can be improved by integrating CCHP
with solar collectors.

Mohammad et al. [136] conducted a comparative study among different MES systems
in four cities in India by using HOMER from a techno-economic view, finding the PV-wind-
diesel-battery system to be the best combined system with a LCOE at ~0.162 $/kWh. Maya et
al. [137] proposed a poly-generation system fuelled by NG, solar energy and biomass, to
produce electricity, heat and cold energy, and fresh water simultaneously. The results indicated
the reliability and profitability of such a system. Giannakoudis et al. [138] studied a MES
system with solar PVs, wind turbines, hydrogen (fuel cell), and diesel generator and battery
storage (shown as in Figure 2.9), to minimize the total cost by using stochastic annealing
optimization algorithm with different kinds of uncertainties being taken into account. Abedi et
al. [139] investigated a MES system with solar PVs, wind, hydrogen, diesel generator and
battery storage, to minimize the total cost, unmet load and fuel emission simultaneously by
using differential evolution algorithm combined with fuzzy techniques. The optimum number
of system components, installation data of solar panels and wind turbines, as well as the
operational strategy were obtained. Samsatli et al. [140] have achieved the optimal design and
operation of wind-hydrogen electricity network in the UK. The design framework can
determine the optimal number, location and transmission network of the related components,
like wind turbines and fuelling stations. It indicated that the domestic transport demand in the

UK can be met by onshore wind turbines and hydrogen-electricity network.
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Figure 2.9. The flowsheet of an integrated energy system with renewables and hydrogen [138]
2.2.2.3 MES studies from multi-service/generation perspective

A MES can provide multiple outputs or services to consumers, including the electricity,
heating, cooling, transportation and fuels, in the form of co-generation, tri-generation and
multi-generation or poly-generation, which brings about significant energy, economic and
environment benefits.

Starting from the basic co-generation cases, Casisi et al. [141] have determined the
number of gas turbines and Internal Combustion Engines (ICE), as well as their optimal layout
for a distributed urban co-generation system, to evaluate the total annual cost, energy
performance and CO> emissions. Rasmus et al. [142] investigated the systems with large CHPs,
renewable energy and biomass by using EnergyPLAN. The socioeconomic analysis indicated
that CCHP plant was techno-economically more advantageous, and a regulatory framework
should be introduced for planning the CHP in the long term. For tri-generation systems,

Kavvadias et al. [143] studied the performance and economics of a tri-generation system to
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supply the heating, cooling and electricity demands, the best operating strategy was determined
as an electrical-equivalent load following approach. Li et al. [144] studied a tri-generation
system in Beijing, the techno-economic optimization has determined the optimal plant
configurations to maximize the thermodynamic efficiency, and to minimize the total cost and
emissions (both CO, and NOx emissions).

Further for multi-generation or poly-generation systems, Calise et al. have [145]
provided a comprehensive review about poly-generation with various input fuels and output
services. Liu [146] has provided a generic modelling and optimization framework for a poly-
generation system. Ahmadi et al. [147] have established the thermodynamic and multi-
objective optimization model for a poly-generation system which provides electricity, heating,
cooling, and hot water. The Pareto front of the total system cost and exergy efficiency was
obtained, and the optimal operating parameters of system components were determined.
Sigarchian et al. [148] compared different operating strategies of a poly-generation system,
including following thermal load, following electric load, and the modified base load. It
showed that the reduction in total cost, CO. emissions and fuel consumption were in the range
of 17-19%, 30-38%, and 35-43% respectively with various operating strategies. Liu and
Mancarella [149] illustrated the interconnection among heat, electricity and gas network under
different scenarios by using efficiency matrix and Sankey diagrams. The results showed that
the case with district-level CHP and local gas boilers generated the least carbon emissions, and
the case with district-level CHP and local CHP produced the lowest-price electricity by 2030.
Samsatli et al. [150] have taken transportation as another energy vector in addition to the
electricity and heating sectors, using energy chain model and MILP to achieve the optimization
of the MES, as shown in Figure 2.10. The work has answered the questions of what resources
should be used, when to invest certain technologies and where to locate them. Overall, different

researchers have looked at the capability of MES to supply various services, it has been
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demonstrated that multiple services provided by MES can greatly improve the system

flexibility, reliability and economics.
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Figure 2.10. The superstructure of a multi-vector energy system [150]

2.2.3 Modelling of multi-energy systems

Considering the complexity and multi-energy interactions within and outside the MES,
it calls for advanced modeling techniques and tools to perform the planning and operational
optimization, as suitable modelling methods are key to help understand the system and study
the performance.
2.2.3.1 Modelling methods for MESs

The energy hub concept is a generic approach for steady-state modelling and
optimisation of future interconnected multi-energy networks. An energy hub normally consists
of various inputs and outputs, conversion and storage technologies, the connections are
described by simplified models with constant conversion and storage efficiencies [121]. It is

flexible and needs less computing resource, but this method is based on a set of assumptions
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and simplifications, such as the constant conversion efficiency, which might overestimate or
underestimate the components and system performances [37]. The traditional energy hub
model has been widely adopted by a few researchers in their work. Orehounig et al. [151] have
adopted energy hub concept (shown as in Figure 2.11) to evaluate the energy autonomy and
ecological performance of distributed energy systems, the CO2 emissions can be reduced by
46% under the optimal scenario. Maroufmashat et al. [152] have applied the energy hub
network to optimize distributed energy systems. It indicated that the connection of multiple

energy hubs (more than three) can reduce system costs and CO2 emissions significantly.
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Figure 2.11. An energy hub model of a distributed energy system [151]

Besides the energy hub modelling, Mancarella [122] also proposed to include another
two modelling concepts, namely ‘Micro-grids’ and ‘Virtual power plant (VPP)’. The
aggregation concept ‘Micro-grid’ refers to a distributed energy system with various energy
resources and conversion technologies, of which the modelling details are determined by
researchers, it can work in grid-connected mode or islanded mode [122]. Stadler et al. [153]
have investigated the integration of EVs to smart grids and the impacts on system emission
reduction. Schwaegerl et al. [154] have explored the potential economic, technical and
environmental benefits of Micro-grids by using multi-objective optimization, demonstrating
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the benefits in increasing renewable penetration and supply reliability. The VPP concept refers
to a distributed energy system with flexible boundary (resources and technologies are
geographically close or not), and can provide multiple services for customers as well.
Mancarella [155] introduced the ‘equivalent cogeneration plant’ and ‘equivalent efficiencies’
to investigate a small VPP, showing its high generality and effectiveness for the modelling.
Mancarella and Chicco [156] have studied the costs and benefits of distributed multi-generation
systems, showing their contribution in real-time demand response by energy shifting. Recently,
a new concept ‘value web model’ (VWM) has been proposed by Samsatli [150] to study MES.
In this modelling concept, each resource and technology, their costs, efficiencies and losses, as
well as their relationships and interactions are represented by value web diagram and in a
generalized approach, a superstructure can be constructed to represent a whole MES. This
modelling method has been applied by Samsatli et al. to study the decarbonisation of the
transportation sector [140], heat sector [157] and the multi-vector energy systems [150] in the
UK.

In respect of modelling and simulation tools, there are mainly three categories, namely
the commercial tools (such as EnergyPLAN, AEOLIUS, SimREN, HOMER,
MARKAL/TIMES, Sifre, MATLAB/SIMULINK), the mathematical MILP programming and
the evolutional algorithms, which will be introduced in details in the next sections.
2.2.3.2 Commercial modelling tools of MES

Zakeri et al. [158] adopted EnergyPLAN tool to comprehensively model an energy
system involving electricity, heat and transportation, to investigate the maximum penetration
ratio of different renewables and the optimal combination of different technologies. It indicated
that a maximum 69%-72% of renewables in Finland was achievable. Ghenai et al. [159]
adopted HOMER to design a clean energy system (shown as in Figure 2.12) for a desalination

plant with high renewable fraction (47.3%), low gas emissions (264.25 kg CO./MWh) and
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low COE ((90 $/MWh). Sawle and Gupta [160] designed a renewable hybrid system to fulfil
the load demand of a telecom base station by using HOMER software. It foundthe optimal
combined system with solar PVs, wind power and battery storage, andthe optimal LCOE at
50.2 $/MWh. Lagorse et al. [161] designed a hybrid energy system by using
MATLAB/SIMULINK, it found that the most cost-effective system is the one with solar PVs,
Fuel cells (FC), electrolysers and battery. Rosen et al. [162] applied AEOLIUS tool, which can
manage the time scale as low as 10 min, to achieve the scheduling of a hybrid renewable power
plant. Sveinbjérnsson et al. [163] have investigated the net-zero carbon pathways for a city in
Denmark by using the software Sifre. The optimization goal is to maximize the energy
efficiency, and to minimize the total cost, CO2 emission and biomass consumption. The results
indicated that the scenarios with higher electrification rate performs better than the systems
with higher biomass consumption. Overall, these commercial software tools make the planning
and optimization of MESs more accessible and faster, but they lack flexibility and adjustability.
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Figure 2.12. The schematic of a HRES in HOMER [159]
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2.2.3.3 Modelling of MES by using evolutional algorithms

Various evolution algorithms were developed by researchers to achieve the optimal
design and operation of MESs. Zahra et al. [121] developed a new multi-objective particle
swarm optimization algorithm (PSO) to design a PV/diesel hybrid system with the operating
reserve. The Pareto set was obtained which coordinated the total net present value (TNPV),
COz emissions, and loss of power supply probability (LPSP), demonstrating that the new PSO
can achieve a well-distributed Pareto front of the objectives. Maleki and Pourfayaz [164] have
compared the optimization performances of different evolutionary algorithms, including the
improved particle swarm optimization (IPSO), improved harmony search (IHS), improved
harmony search-based simulated annealing (IHSBSA), and advanced bee swarm optimization
(ABSO) algorithms, to optimally size a hybrid wind/PV/battery energy system. The results
showed that the ABSO was more promising and robust than other algorithms. Dong et al. [165]
optimized the sizes of solar PVs, wind turbines, battery and hydrogen storage in a hybrid
renewable energy system. The improved ant colony optimization (ACO) was adopted to
minimize the cost and LPSP. The results showed that the improved ACO with sorting was more
efficient than the original one. Maleki et al. [166] evaluated the effects of different PSO variants
on sizing PV/wind/battery hybrid energy systems to minimize the annual cost. It concluded
that the PSO with constriction factor was more favourable than with other variants in respect
of accuracy and computational cost. M. Sharafi et al. [167] adopted the Dynamic Multi-
objective Particle Swarm optimization (DMOPSQO) to determine the sizes and types of
components in a hybrid renewable system. The results implied that wind generators were
preferred to solar PVs, and hydrogen storage was not selected due to its high investment and
maintenance costs.

Overall, various evolution algorithms were developed to achieve the design and

operation of MESs, showing good accuracy and efficiency, but the shortcomings are that these
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algorithms can easily get stuck in local optimal point, and they are very sensitive to the initial

start points, which can be avoided by using MILP algorithm.
2.2.3.4 Modelling of MES by using MILP algorithm

In addition to the commercial planning tools and the developed evolutional algorithms,
the MILP has been one of the powerful tools to achieve the optimal design and operation of
MESs. This is due to its moderate calculation complexity, and the capability to find the global
optimal point, as well as the available commercial solvers, like Gurobi (commercial), CPLEX
(commercial), and YALMIP (open source).

Urbanucci [168] has discussed the limits and advantages of MILP for the design and
operation of multi-energy systems. Yokoyama et al. [169] proposed a hierarchical MILP
method to achieve the optimal design and scheduling of a poly-generation system (shown as in
Figure 2.13), demonstrating its higher efficiency and equal accuracy than the conventional
MILP method. Yang et al. [170] constructed a MILP model for a distributed energy systems in
Guangzhou (China), which can optimize the resource locations, technologies combinations and
operation strategies. Weber and Shah [171] proposed a DESDOP tool (District Energy System
Design and Optimisation, MILP based) to explore the optimal combination of vast of
generation technologies, in order to reduce annual cost and CO> emissions, but the energy
storage devices were not considered. Arcuri et al. [172] developed a MILP optimal design and
scheduling model for a tri-generation plant for a hospital. The short-term (gross operational
marginal) and long-term optimization (net present value) have led to decent energy savings and
economic returns, but renewable energy was not considered in the model. Bischi et al. [173]
presented a detailed MILP model for the planning and optimization of a CCHP system. The
model was capable of determining the operational scheduling of system components and
minimizing the cost of the CCHP system, taking time-varying conditions, off-design

behaviours and on-off limitations and penalizations into account. Deetjen et al. [174] adopted
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a MILP model to improve rooftop solar integration and maximize the profits under different
electricity rate structure. The results showed the reverse power flow, peak demand and annual
cost can be reduced by 43%, 51% and 9.1% respectively. Tu et al. [175] constructed a two-
level MILP model to design a stand-alone hybrid renewable micro-grid, aiming at minimizing
the overall annual cost. The positive effects of load deferring on battery sizes, renewable
penetration and system costs have been investigated. Zhou et al. [176] studied the effects of
components’ off-design performance curve on the system design by implementing a MILP
model. It indicated that the off-design characteristics have small effects on the system optimal

design (the error was within 5%).
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Figure 2.13. The flow chart of a hierarchical MILP method [169]

2.2.4 Assessment criteria of multi-energy systems

The optimal design and operation of MES aims to accomplish various assessment
criteria or objectives, which can be categorised into the energy, economic and environment
performances [122]. From the studies above about the MES at different perspectives, the
general energy performance indicators include electrical and thermal efficiencies, the

equivalent energy efficiencies [144], exergy efficiency [135], primary energy saving [82], fuel
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consumption reduction [148], unmet load [139], and loss of power probability (LOPP) [165]
etc. The economic indicators include the total capital cost or annual cost (including operational
costs) [141], the gross operational margin [172], NPV [121], Internal Rate of Return (IRR)
[177], LCOE [130], cost of energy (COE) [134], Life cycle cost (LCC) [134], payback period
time (PBP) [178], and exergy cost of electricity and heat [147] etc. The environmental
indicators include CO2 emissions [141], other pollutants emissions (NOx, CO, SO etc.) [144],
“Eco-indicator 99” (cradle-to-grave life cycle assessment (LCA)) [179], Ozone Depletion
Potential [180] etc. Different work would choose different objectives or their combinations
based on the study aims and application scenarios. Recently, some researchers have expanded
the objectives to social aspects, like the human development index (HDI) and job creation (JC)
indicators etc. [181] [182]. Carvalho et al. [179] have applied the LCA and “Eco-indicator 99”
(overall environment load in points, evaluate the damages to human health, ecosystem quality,
and resources) methods to design and optimize an energy system for a hospital. Sawle et al.
[181] aimed at determining the optimal configurations of hybrid systems by constructing a
multi-objective function with six objectives (including the technical, social and economic
parameters). It found that the system with PV/wind/ biomass/diesel generator/battery bank is
the optimal one, and the teaching-learning-based optimization algorithm (TLBO) performed
better than PSO, butterfly particle swarm optimization (BFPSQO) and genetic algorithm (GA)
in term of convergence time. Rodolfo et al. [182] first time ever proposed to minimize net
present cost and the LCOE, and to maximize HDI and JC simultaneously for a hybrid PV-
wind-diesel-battery system, using two layers of multi-objective optimisation algorithms (the
main algorithm and GA) to obtain the optimal Pareto set of three objectives. One of the optimal

results gave the LCOE at 0.56 kWh, HDI at 0.615, and JC at 0.119.
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2.3 Review of energy storage value in MES

2.3.1 Energy storage value in micro-scale MES

Some researchers have investigated the integration of ESS with micro-grids, exploring
the functions and value of storage technologies. Macedo et al. [183] determined the optimal
operation and location of energy storage devices in distributed renewable energy systems by
using MILP. Djelailia et al. [184] proposed a hybrid renewable energy system with PHES, and
have proved the effectiveness of hydroelectric storage in irrigation, power dispatch, fuel saving
and CO2 emissions. Pablo [70] proposed a grid-connected combined system with battery and
hydrogen storage, in which wind and solar PV served as primary sources. Three energy
management systems have been developed to minimise the utilization cost and maximize the
ESS efficiency and life cycle cost. The results were consistent with those of Rodolfo obtained
[71], who minimized the total cost, CO2 emissions and unmet load simultaneously for a PV-
wind-diesel-hydrogen-battery hybrid system.

Li et al. [185,186] developed a sizing method for a hydrogen-based micro-grid, which
was based on the combined evolution algorithm and MILP. It considered the degradation of
hydrogen and battery storage, as well as the uncertainties of PV output and load demand, to
obtain the optimal operation strategy and system components’ sizes. Cesefia et al. [187]
conducted the techno-economic analysis of a multi-vector energy system with battery storage
and thermal storage to provide energy, reserve and reliability services simultaneously. It
showed that the electricity cost saving (decreasing by 40%), reserve revenue (increasing by
47.3%) and reliability revenue (increasing by 12.7%) were achieved by adding electric storages,
but the flexibility value of storage systems was not considered. Quashie et al. [188] developed
a bi-level planning model for a micro-grid with operating reserve, achieving the co-
optimization of investment, operation and outage cost. It indicated that CAES storage can help
provide reserve capacity, improve reliability and defer additional investment.
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2.3.2 Energy storage value in grid-scale MES

Besides, there were also some studies exploring the value of grid-scale energy storages.
A. Khan et al. [189] have discussed the impacts of demand response and medium-term EES on
energy and capacity markets. Hejazi and Rad [190] formulated a stochastic programming
framework to investigate the energy and reserve value of energy storage in hour-ahead market,
as well as the effects of capacity and sites of storage on the profits. Byrne and Monroy [191]
have investigated the potential arbitrage and regulation value of grid-scale energy storage by
developing a MILP model. The results revealed that the revenue coming from regulation
markets is four times than that from arbitrage. Pudjianto et al. [192] studied the value of grid-
scale energy storage on system cost and security, as well as the benefits on the transmission
and distribution. It discussed the impacts of types (distributed and bulk energy storage (BES)),
capacity scales, storage costs, locations and efficiencies on storage revenue in the whole system.
The results indicated that the net benefits of the distributed and bulk energy storage are
£50/kW.year and 100/kW.year respectively. The value of both storages decreased with
capacity increasing.

A MILP model has been developed by Moreno et al. [193] to investigate the potential
benefits of distributed energy storages in grid distribution management, energy arbitrage and
reserve, and frequency regulation markets, aiming at coordinating the multiple services and
maximizing the storage net profits. Sisternes et al. [194] have explored the potential value of
energy storage in the de-carbonization of the electricity sector by using the expanded IMRES
(MILP-based planning model). The effects of different CO> emission limits on energy storage
value, technologies’ generation and costs have been compared. But the author did not consider
the complementary characteristics of electric storage technologies. Gabrielli et al. [195]
proposed a MILP-based model to achieve the optimal design of a multi-vector energy system

with hydrogen storage (as shown in Figure 2.14). It discussed the impacts of different
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modelling methods on the sizing results, including the time horizons, CO2 emission limits, PV
panels’ surface areas and battery cost reductions. The results indicated that seasonal storage is
favoured when a system requires significant CO2 emission reduction, as well as a larger ratio
of thermal to electrical demand, and higher renewable penetration.

Overall, various storage technologies, from small-scale to grid-scale, and from battery,
and PHES toCAES and heat storage etc., as well as their different benefits, including the
arbitrage, reserve, frequency regulation and flexibility values have been studied. But there are
gaps in investigating the integration of LAES with MES, and its energy storage models and

functions and benefits in MESs, which motivates this work to fill the gaps.
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Figure 2.14. The schematic of the multi-energy system with hydrogen storage [195]

2.4 Summary of the review

In summary, firstly, the work about the LAES system, expanding from the basic
working principle, system configuration and development history to the thermodynamic and
techno-economic analysis of the stand-alone and integrated LAES systems, ha been reviewed

comprehensively. Secondly, the work about MES, including the basic concept, the studies at
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different spatial levels, the systems with multiple fuels and services it provides, the modelling
methods and simulation tools, and the assessment criteria, were all reviewed extensively.
Thirdly, the applications, multiple functions and benefits of energy storage technologies in
micro-grids and grid-scale MESs all have been reviewed as well. After the systematic and
comprehensive literature review, there are four major gaps that were identified to motivate the
work involved in this Ph.D. thesis, they are:

a. The thermodynamic analysis and techno-economic analysis of LAES systems were
mainly based upon the parametric studies by using the exhaustive method, which does not have
a whole system view and also is human-resource consuming. There is few work focusing on
the optimization of key design and operational parameters of the whole LAES system by using
artificial intelligence (Al) algorithms, which can overcome the limitations of the exhaustive
method.

b. Though thermodynamic analysis and techno-economic analysis of LAES are
important to understand the theoretical energy and exergy efficiencies, as well as its economic
performance, there is few work that has paid attention to the dynamic analysis and simulation
of LAES systems. This is crucial to understand the system design and control logic, as well as
to promote the practical application of LAES technology.

c. Though the stand-alone and integrated LAES systems have been investigated widely
and comprehensively, the applications of LAES into micro-grids, and its integration and
interaction with other generators have not been covered so far. The design and operation of
LAES within a micro-grid, as well as the discussion of its multiple functions and benefits in a
micro-grid were not reported so far.

d. Under the background of constructing the net-zero carbon energy system globally,

the application of LAES into a country-level energy system, the integration of LAES with
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renewables, the overall energy system design and operation, as well as the key roles of LAES
and other storage technologies in zero-emission energy system were not reported so far.

Based on the above gaps identified from the literature review, the specific contents and
objectives of this work include:

a. To establish a thermo-economic multi-objective optimization framework based on
genetic algorithm for a stand-alone LAES system. It aims at optimizing the thermodynamic
and economic performance of LAES by searching for the optimal design and operational
parameters, to guide the design and investment of the system.

b. To develop the component- and system-level dynamic models of a LAES system. It
IS to investigate the dynamic behavior and response characteristics of LAES when integrating
with renewables, and to find the proper methods to improve the system dynamic performance,
including the heat transfer process, response time, the start-up and load-following behaviour
etc.

c. To determine the optimal design and operation of a hybrid-renewable micro-grid with
the decoupled model of LAES by using hierarchical MILP method. It aims at investigating the
multiple functions and benefits of LAES in a micro-grid, in order to guide the micro-grid design
with LAES and increase the attractiveness of LAES systems in micro-grids.

d. To develop a MILP-based design and operational framework for a country-level net-
zero carbon energy system with LAES and other storage technologies. It is to assess the key
roles of LAES and other storage technologies for supporting the future net-zero carbon energy
systems. The results can provide decision makers a new perspective about the energy system

transformation and planning with storage technologies.
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3 Thermo-economic multi-objective optimization of the

liquid air energy storage system

3.1 Introduction

3.1.1 Literature review

3.1.1.1 Thermodynamic analysis of LAES

In terms of the investigation of LAES systems, most researchers have revealed the
crucial effects of charging and discharging pressures, and cold energy recovery. Lee et al. [196]
designed an integrated LAES system with LNG, in which the expansion power and external
cold energy recovered from LNG gasification process were used to compress air and liquefy
air simultaneously. The results showed that the RTE of the new system was as high as 172.1%.
Hamdy et al. [58] proposed two types of cold exergy recovery methods, namely the direct
expansion of liquid air through main heat exchangers, and the combined expansion of liquid
air with an extra Rankine cycle. The analysis results indicated that the second method performs
better, the power output increased by 25%, the exergy efficiency and energy efficiency can be
improved to be 45% and 40.4% respectively. Peng et al. [53] argued the external cold resource
(10% - 20%) is still needed to enhance the RTE further. It is also reported that if the recoverable
cold energy was enhanced by 16%, it would lead to 20% and 30% of increases in RTE and
liquid yield respectively [44].

Peng et al. [54] studied a LAES system with packed-bed storage, as well as compared
the system performance with those of CAES. It found that the RTE of LAES can be between
50% - 62% depending on the charging/discharging pressure and inlet temperature of cold box.
Tafone et al. [197] developed the performance map for LAES systems, applying it to determine

the operative parameters of LAES. The results indicated that the specific consumption and RTE
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can be determined by a specific charging and discharging pressure, as well as the cold and hot
energy utilization factor. But this method is too lengthy to determine the system operational
parameters efficiently. Wang et al. [198] techno-economically analysed a LAES system which
can produce power, oxygen and heat energy simultaneously. The results showed that the multi-
functional LAES system has a 5.7 years of PBP but with lower overall efficiency (0.39). Cui
et al. [198] proposed a multi-generation LAES system to provide heat and cold energy and
fresh air simultaneously. The techno-economic analysis gave about 75.4% of overall efficiency
and 0.79 ¥/kWh of LCOE. The above studies have been summarized as shown in Table 3.1.
3.1.1.2 Multi-objective optimization of LAES and other thermal systems

So far, few researchers have worked on the multi-objective optimization of the whole
LAES system. Only Li et al. [199] investigated a combined system with solar thermal heat and
LAES, the system has been optimized by using a sequential quadratic programming method.
The results indicated that the optimal system produces 30% of higher power output and 15.3%
of higher exergy efficiency. Liu et al. [66] applied GA to optimize LAES system. The results
revealed the optimal RTE (as high as 63.1%) and the optimal system configuration with two
compression stages and three expansion stages). But the author only take the RTE as the
optimization objective. Khani et al. [200] investigated the optimal dispatch of LAES to serve
as arbitrage function in a day-ahead and weekly-head electricity market. It showed that the
weekly dispatch was more beneficial. J. Pimm et al. [201] developed an optimization algorithm
and control strategy to determine the optimal operation of a hybrid storage system (CAES and
LAES). The results suggested the ROI can be maximized if the charging time of the hybrid
system is higher than 36 h, and 80% of total storage capacity is in liquid air form (charge time

/discharge time is 2.5:1).
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Table 3.1. Literature review and summary of thermodynamic analysis of LAES

Charge Discharge Turbine inlet Exergy Energy Power cost LCOE (E/MWh,
Ref. pressure pressure temperature RTE (%) efficiency (%0) density (E/kW, 2020)
(MPa) (MPa) (K) (KWh/Kkg) 2020)
Morgan et al. \ \ 750 ~ 1250 135
[202,203] 15 12 323 60
Guizzi et al. 84.7 (charging) \ \ \
[42] 18 6.5 616 S4.4 78 (discharging)
Sciacovelli et \ \ \ \
al. [44] 18 12 613 49.4
87 (charging) \ \ \
She et al. [45] 12 12 458 53.5 77 (discharging)
Peng et al. 84 (charging) \ \ \
[204] 135 8 480 594 81 (discharging)
Hamdy et al. \ 1040~1324 246
[205] 15 15 474 416 55.5 (overall)
. 64.2 (with 62.1(overall) \ \ 110.8~148.2
Kim et al. 16 7 1673 combustion)
Peng et al. [54] 12.1 5 585.8 56.3 \ 7.74 \ \
\ 75~150 (integrated
Wu et al. [116] 14 5 1123 52.8 \ 8.82 LAES system)
59.1 (overall) \ \ \
Wang et al. 85.8 (charging)
[206] 15 12 470 544 g7 (discharging)
Cui et al. [198] 11.2 11.8 438.2 74.8 (multi- \ \ \ 94.5

generation)
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However, there were some studies working on optimizing other thermal systems.
Ghasemkhani et al. [207] conducted both mono-objective (using algorithms like simplex,
conjugate-direction, and genetic algorithm etc.) and multi-objective optimization (using
algorithms like non-dominated sorting genetic algorithm (NSGA-II)) for a combined cycle
based on finite-time thermodynamics. The results revealed that the optimal dimensionless
power, maximum efficiency, and minimum exergy destruction were 0.186, 75.9% and 0.00078
respectively. Punnathanam et al. [208] optimized three Stirling engine systems by using multi-
objective Front-based Yin-Yang-Pair algorithm, taking the output power, thermal efficiency
and pressure drop as the objectives. The results proved that this new optimization algorithm is
more effective than Multi-Objective Grey Wolf Optimizer (MOGWO) and GA.

An organic Rankine cycle was optimized by Pierobon et al. [209], which took the
thermal efficiency, total volume and NPV as objectives. The results suggested two optimal
working fluids for the system, namely acetone and cyclopentane, and the Pareto Fronts of three
objectives have been identified. The thermo-economic optimization of different configurations
of trans-critical CO> cycle were conducted by Morandin et al [210]. A two-level optimization
scheme was developed, in which the heat exchangers’ and storage tank’s design parameters
were optimized by GA first, and the mass flow rates were optimized by using the nested linear
programming. The Pareto Front of RTE with system investment cost was presented to guide
system design. Gebreslassie et al. [211] designed the absorption cooling systems by using
mathematical programming method and LCA, to minimize the system cost and environmental

impact. The Pareto Front of these two objectives was identified.
3.1.2 Research aim

Above all, the literature reviewed about LAES systems mainly focused on the
parametric studies of key performance indicators like RTE and exergy efficiency by using

exhaustive method, meanwhile, the economic analyses related to indicators like LCOE and
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specific power and energy costs were separated with performance analyses. But fewer work
has covered the thermo-economic optimization of whole LAES system by using artificial
intelligence (Al) algorithm, like GA and PSO etc. Thus, this study aims to achieve the thermo-
economic multi-objective optimization of LAES by using GA, the novelties of this part of work
lie in:

a. It is capable of optimizing the design and operational parameters of LAES under
different initial conditions to reach the optimum RTE, including the optimal charging and
discharging pressure, the heat transfer areas of heat exchangers, as well as the optimum mass
flow rates of hot and cold storage media.

b. The system design guideline can be derived to tailor different optimal parameters for
LAES systems with different system configurations (like systems with different compressor
and expander stages), and systems with different initial conditions.

c. The investment advice of LAES can be obtained by identifying the Pareto Front of
system efficiency and capital cost, to provide system operators good guidance to make a proper
investment in LAES systems.

The layout of this part of work is: section 3.2 describes the basic system configuration
and modelling methods. Section 3.3 introduces the economic and optimization models of the
system, as well as the model validation. Section 3.4 presents the main results and discussion.

Finally, the conclusion is given in section 3.5.
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3.2 Liquid air storage system

3.2.1 System description

The thermodynamic diagram of a stand-alone of LAES is shown in Figure 3.1, which

consists of an LFU (the liquefaction unit), a storage unit and a PRU (the power recovery unit).

During the charging process, there is a three-stage compression which can compress the inlet

air 1 to a high pressure state 7. The air goes through the cold box and cryo-turbine, being

liquefied (9) and stored (12) in storage tank. During the discharging process, the stored liquid

air is pumped to a high pressure (14) and goes through two cold-recovery evaporators,

achieving three-stage reheating and expansion (16 — 22) to produce power. The compression

heat can be stored in thermal oil (H1 — H2) and applied in the reheating process (H3 - H4) to

enhance power output. The cold energy can be recovered by propane (C1 — C2) and methanol

(C3 - C4), and then utilized to liquefy air in cold box during charging.
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Figure 3.1. LAES thermodynamic layout [17]
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3.2.2 Thermodynamic model and indexes

The thermodynamic model of LAES was built in Aspen HYSYS 11.0 by adding the
corresponding modules and adjusting the parameters. The simulation iterations were
constrained by the given pinch points of different heat exchangers to make sure it converges at
last. The simulation principle is based on the first and second law of thermodynamics, which

are explained in section 3.2.2.1 to section 3.2.2.3.
3.2.2.1 Energy analysis model [204,212]
During charging, the purified air is compressed to a high pressure by a three-stage air

compressor (stage n =1, 2, 3), the air outlet enthalpy and compressor power of each stage are

given by eg. (3.1) ~ eq. (3.2):

Rit1,s—hi
hiv1= h + HT eq.(3.1)

Wemi = @ma(hiva — i) eq.(3.2)
where, h; is the specific enthalpy at state i, with subscript i =1, 3, 5 denoting the inlet state of
the compressor; 7. is the isentropic efficiency, q,,, is the mass flow rate of air, W_,,; is the
compressor power output; Subscript s - the isentropic process, cm - the compressor.

The compression heat is transferred to the cooling medium through intercoolers, and
the heat exchanged with the cooling medium is given by eq. (3.3):

Qi = qma(hi — hyiy1) eq.(3.3)
where, Q; is the heat exchange rate in intercoolers, subscript i = 2, 4, 6 represents the inlet state
of intercoolers.

The compressed air (state 7) is cooled down by the recycling air and cold storage media
in the cold box, and the outlet state 8 and liquid yield ratio (Y) are calculated by using the
energy conservation within the controlled volume (cold box) as in eg. (3.4) and eq. (3.5), with

the pinch point limitations considered in heat exchangers:
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Gm7* (hy —hg) = (1 =Y) " @m0 - (hy1 — hyg) + -
Gme1 " (hea — he1) + Gmes * (hea — hes) eq.(3.4)

y=1—mwe eq.(3.5)

Am7
where, ¢m7, Gmio» Gmc1 aNd gz are mass flow rates of the compressed air, recycling air, the
first cooling medium (propane) and the second cooling medium (methanol). The cooled air
(state 8) expands in the cryo-turbine to the ambient pressure with a fraction (Y) of air mass flow
liquefied. The air enthalpy hq at the outlet of cryo-turbine and turbine power are given by eq.
(3.6) and eq. (3.7):

ho = hg — ¢+ (hg — ho) eq.(3.6)

W = qma(hg — ho) eq.(3.7)
where, ., is the isentropic efficiency of the cryo-turbine; W, — the power output of cryo-
turbine.

During discharging, the liquid air with a mass flow rate q;, is pumped to a high pressure
by a cryo-pump with an isentropic efficiency n,,, and its outlet enthalpy h;, and power

consumption W, are given by eg. (3.8) and eq. (3.9):

hiy = hys + % eq.(3.8)
P
Wy = qia(h1a — hy3) eq.(3.9)

The high-grade cold energy of liquid air is recovered by exchanging heat with one or
more cold storage media (e.g. propane and methanol), and the energy balances for the processes
are governed by eq. (3.10) and eq. (3.11):

Gia * (h1s — h14) = Gmcz * (hez — he) eq.(3.10)
Qia * (h16 — h1s) = Gmca * (hea — he3) eq.(3.11)
where, qiq, Gmc2, Gmea are the mass flow rates of liquid air, propane and methanol. Subscript

14, 15, 16 represents the inlet and outlet state of liquid air going through evaporators. C, and
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C: represent the inlet and outlet of propane, and C4 and Cz represent the inlet and outlet of
methanol across evaporators.

In the turbine train, the high-pressure air is heated before entering each stage and the
outlet enthalpy and output power W, of each turbine stage are given by eq. (3.12) and eq.
(3.13):

hivs = hi = Npr(hi — Ryyas) eq.(3.12)

Wrr = qua(hi = hiy1) eq.(3.13)
where, nr, is the isentropic efficiency of the turbine, and the subscripti =17, 19, 21 represents
the inlet state of turbines.
3.2.2.2 Performance indicators

The following indicators are defined to study the LAES system performance.

e Round trip efficiency (RTE) is defined by eq. (3.14) as the ratio of the net total output
work eq .(3.15) produced in the discharging process to the net total input work eq.

(3.16) consumed in the charging process [212]:

RTE = adis eq.(3.14)

dma'Wcha
Wais = (hy7 — hig) + (hyg — hyo) + -
(ha1 — ha2) — (hys — hy3) eq.(3.15)
Wena = (hy —hy) + (hy — h3) + (hg — hs) — (hg — ho) €0.(3.16)
e Liquid yield ratio is the ratio of compressed air that can be directly liquefied to the total

compressed air flow. This is an indicator of the efficiency of liquefaction process [212]:

Yy = dmiz _ dia eq.(3.17)

dm7 dma

3.2.2.3 Exergy analysis model
Exergy is the maximum work output available in the working fluid and the exergy

analysis is based on the second law of thermodynamics given by eq. (3.18) [41,42]:
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0= 2(1_;_2)01(—”417"‘ YXqmiei— Xqmje — Eq =0¢€q.(3.18)

where, T, is the environment temperature; T, is the temperature of the k™ control volume; Qj,
is the heat production rate; IW,,, is the work output of a control volume; Y. q,,; e; is the total
exergy inflow; ¥ q,; e; is the total exergy outflow; and E, is the exergy destruction. The
exergy flow e is defined by eq. (3.19) [41,42]:

e; = h; —hg — To(s; — so) + 0.5v,2 + gz eq.(3.19)
where, h; — hy is the enthalpy difference; T, (s; — s,) is the entropy difference, representing
the irreversibility in adiabatic control volumes; The kinetic energy term 0.5v;2 and the
potential energy term gz; are usually negligible.

Based on the above the exergy balance equation, the exergy efficiency and exergy
destruction for each component and each specified control volumes can be derived.
3.2.2.4 System economic model

The economic evaluation of the whole system requires the estimation of the costs of
major components, including compressors, expanders, pumps, heat exchangers, motor-
generator, tanks and reservoirs, as well as thermal oil, methanol and propane. The cost
functions of these components and fluids were collected and shown in Table 3.2. Based on the
currency and the year built in these cost functions, the currency inflation and transfer to pound
(2020) were considered. The total capital expenditure (CAPEX) of a LAES plant was

determined by adding the purchasing cost of each component, as it is the simplest and least
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Table 3.2. Cost estimation models of major components of LAES

Components Cost model Currency Parameters introduction References
Compressors Cooin logp. $2017 - mass flow rate (kg/s), n;s — the isentropic efficiency, [214]
fe fc.og_nisc

[ — the compression ratio, Cr. — compressor cost factor,

670 $/(kg/s), ¢ - compressors

Turbines Crry iy - logBrr $ 2013 Tr - Turbines, B, — the expansion ratio, C;r, — turbine [214]
0.92 = nis;rr cost factor, 1100 $/(kg/s)

Heat 10g10(Chexo) = (4325 —0.303 - log,,(A) + 0.1634 $ 2009 A - heat transfer area (m?), Cp.o — the base cost of heat [215]
exchangers -log,(4)? exchangers, Pr — pressure factor, P — HEX pressure
P; = 1.63 + 1.66 - 107(0.0388 — 0.1127 (bar), Cpey — total HEX cost

log,o(P) + 0.08173 - log,,(P)?)

Chex = Chexo " Pf

Thermal oil 41.055- X + 92872 $2016 X — tank volume (m3) [205]
tank
Cold storage 17400 + 79 - X085 $ 2002 X — tank weight (tons) [216]
tank
Liquid air tank 0.256 - (i)o_g Million X — tank weight (tons) [203]
100 £2012
Pump 44 - (ﬁ)oﬁ k€2009 X — shaft power (KW) [205]
10
Cryo-turbine 6975 - X°7 $ 2012 X — shaft power (kW) [205]
Motor- 60 - X095 $ 2009 X — power (kW) [215]

generator
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Thermal oil 0.5~1 $/kg $2018 For large mass scale purchase order [217]

Methanol 519 $/ton $2018 \ [116]

Propane 264 $/m? $2018 \ [116]
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uncertain economic metric. Other costs, including the installation, piping, electric and land and
so on were all not taken into account, as this study is only focused on the design stage.
Besides, the NPV was considered as another economic indicator. It takes into account
the operation and maintenance costs and energy market factors, including electricity prices,
inflation rate, taxes and insurance etc. The expression of NPV is given by eq. (3.20) [213]. It
is the value of all future cash inflows and outflows discounted to the present over the whole

life of an investment. The annual O&M cost is assumed to be 1.5% of total CAPEX [116].

. . - - . t
NPV = %21 (PraW gisT dis prchh€17::Z;t Com — Cother) (1+€)" Cinvc ] Amf eq( 320)

_ IR(+IRLS
Amf = (1+IR)Lf -1

eq.(3.21)
where, Lf — lifetime of LAES plants, t — a specific year, p,- the electricity price (E/kwh), W —
power (KW), Cop — maintenance cost, C,her - Other cost. T — charge/discharge duration
(hours), Amf — annual amortized factor, IR — the interest rate, ¢ — the escalation rate, ¢ — the
discount rate. Subscripts: cha — charging process, dis- discharging process, invc — capital
investment.

Occupied Space Energy Density (OSDE) is the ratio of the net output power during

discharging to the sum of the volume of stored tanks. The higher OSDE means more compact

system.

OSDE = Ynetout eq.(3.22)

tot

Viot = Via+ Vs + Vps + Vs
eq.(3.23)

where, Wnet,out is the system net output power, V' is the volume of tanks, subscripts LA — liquid

air, ms — methanol storage, ps — propane storage, hs — hot storage.
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3.3 Optimization model and parameters

3.3.1 Optimization formulation

For the optimization model, it consists of the optimization variables, constraints and
objectives, as well as the optimization algorithms. In this study, the parametric analysis in
Aspen HYSYS was first conducted to understand the effects of key design and operational
parameters on the system performance. The selected design and operational variables are the
charging pressure, the discharging pressure, the inlet and outlet temperature of air-propane cold
box, as they are crucial to improve the system performance. The optimization objectives
include RTE, NPV and CAPEX of a LAES plant. There are various algorithms that have been
used to do system optimization, including the GA [210], Multi-Objective Grey Wolf
Optimization (MOPSQO) algorithm [208] and Yin-Yang-Pair optimization algorithm [208] etc.
In this study, in order to reduce the computation time, the GA optimization based on the

surrogate model was adopted.

3.3.2 Surrogate optimization

For the optimization, a ‘surrogate model’, which is simpler and cheaper, was first
constructed to replace the complex thermodynamic model of LAES built in Aspen HYSYS.
The optimization based on the surrogate model is termed as ‘surrogate optimization’, which
can reduce the computing time significantly. An interface between MATLAB and HYSYS was
built to achieve the optimization.

MATLAB has been configured to control the custom interface server of Aspen HYSYS
by creating a COM object through the commands (actxserver) [24]. Data exchange between
MATLAB and HYSYS has been implemented by the commands structured according to the
procedures shown in Figure 3.2. The MATLAB Surrogate Model Toolbox (MATSuMoTo)

was used for the single-objective optimization [218], and the optimization algorithm
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‘Thompson sampling efficient multi-objective optimization (TSEMO)’ was used for multi-

objective optimization due to its higher efficiency [219][220].

Optimization case
start in MATLAB
v
Call for HYSYS
by COM server

v
Activate HYSYS Model

case

v

Define variables and
objectives in MATLAB

v

Access HYSYS object

.| Flowsheef - operation --material
streams - ifem — set value

v

HYSYS converged & —_No—» Exit
constrained

Construct Surrogate
model

.

Surrogate
optimization

!

MATLAB generate
new generations

«—— HYSYS Objectives <—YesJ

Figure 3.2. The system optimization framework

3.3.3 Assumptions and input parameters

The thermodynamic and economic parameters of LAES applied in this study are listed

in Table 3.3.
Table 3.3. Thermodynamic input parameters for LAES [45][116]
Thermodynamic parameters Economic parameters
Ambient air temperature (K) 293 Charge pressure (MPa) 9~16
Ambient pressure (kPa) 101.3 Discharge pressure (MPa) 10~15
S O&M cost 1.5% of
Liquid air storage pressure (kPa) 101.3 CAPEX
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Charging electricity price 20

Thermal oil inlet temperature (K) 293 (E/MWh) [221]

Methanol temperature range (K) 210~310 Discha(rg/il\r;l%\(j:scgizczi'[]y price 80
Propane temperature range (K) 85~220 Discount rate 6%
Pinch point in evaporators (K) 2 Escalation factor 2%

Pinch point in cold box, heaters and 5 Annual operating days of 330 days
coolers (K) LAES
Isentropic efficiency of compressor 89% Lifetime of LAES 25 years
Isentropic efficiency of turbine 90% Maximum generations 100
Isentropic efficiency of cryo-turbine 75% Minimum surrogate points 60
Isentropic efficiency of cryo-pump 70% Convergence criteria 0.1%

3.3.4 Model validation

The nominal conditions and parameters of LAES system are shown in Table 3.3. The
thermodynamic simulation in this study was conducted in Aspen HYSYS. The results have
been compared with those of She’s work [45]. At nominal conditions, the charging pressure is
9 MPa, the inlet ait is cooled down to 125.97 K before expansion, resulting in 64% of liquid
yield ratio (Y), which is 3.5% higher than that of She’s work (60.5%). It is mainly due to larger
flow rate of cold propane, which can provide more recoverable cold energy to cool air down.
The RTE is 52.6%, which is 4.5% higher than that of She’s work (50.3%) due to higher liquid
yield ratio. Thus, the error was considered reasonable within 5% of range [222], the model
developed in Aspen HYSYS was considered accurate to do the thermodynamic simulation of
the LAES system. Figure 3.3 shows the composite temperature profiles of major heat
exchangers, illustrating that the temperature gradients of working fluids match well under the

specified pinch point constraints, which can ensure the effective heat transfer.
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Figure 3.3. The composite temperature profiles of key heat exchangers: (a) compressor cooler; (b) turbine heater; (c)

air-propane evaporator; (d) air-propane cold box
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3.4 Results and discussion

3.4.1 Parametric sensitivity analysis

3.4.1.1 The effects of charging pressure

The effect of charging pressure on RTE of LAES in this work has been validated by the
work of She et al. [45], shown in Figure 3.4 (a). When keeping the discharging pressure
constant at 12 MPa, the charging pressure increases from 6 MPa to 15 MPa, the liquid yield
ratio increases remarkably in the range of 6-12 MPa, and then changes slowly at higher
pressures. It is mainly due to the average specific heat capacity of supercritical air can be
reduced remarkably first and then subtly when the charging pressure goes up. Accordingly, the
RTE increases notably first and then presents the maximum value at 12 MPa before decreasing,
as the RTE strongly depends on Y which rises slowly after 12 MPa, where a significant increase
in compression work is observed. When the discharging pressure is at 8MPa, the Y of ‘8 MPa
case’ is higher than ‘12 MPa case’, it is due to that more cold energy is recovered at lower
discharging pressure. However, the RTE of ‘8 MPa case’ is lower due to less specific expansion
power produced through turbines.

From Figure 3.4 (b), when the charging pressure rises, the mass flow rate ratio of
thermal oil to charging air increases, as the outlet temperatures of compressors get higher, more
thermal oil is needed to maintain the low inlet temperatures of the next stage compressor. But
the excess oil percentage declines, it is due to that the liquid yield ratio becomes larger, there
is more liquid air expanding through turbines, thus, more thermal oil is needed and less oil (30%

~ 45%) left in hot storage tank.
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Figure 3.4. The effects of charging pressure on (a) RTE and Y; (b) excess oil percentage (the ratio of

thermal oil left in hot storage tank to the total cooling thermal oil)
3.4.1.2 The effects of discharging pressure

From Figure 3.5 (a), it can be seen that there exists an optimal discharging pressure as
well when there is no external cold source, which is ~12 MPa when the charging pressures are
at 9 and 12 MPa respectively. The RTE increases first and then decreases with the discharging
pressure rising from 6 MPa to 16 MPa. It is due to that higher turbine inlet pressure means
larger expansion power. But if the discharging pressure is higher than 12 MPa, more pump
work is needed to elevate the liquid air head, resulting in higher liquid air temperature at the
pump outlet, and hence much more cold exergy loss across pump. This further leads to the drop
in the liquid yield ratio, accordingly, the RTE declines as well.

From Figure 3.5 (b), the mass flow ratio of thermal oil to discharging air increases
remarkably when the discharging pressure goes up. It is due to that higher discharging pressure
means larger expansion ratio, accordingly, the air-side temperature difference across turbines
and the need for hot thermal oil all increase. The excess oil declines first and then increases
significantly after 12 MPa, because the mass flow rate of discharging air declines when the
liquid yield ratio goes down at higher discharging pressure (> 12 MPa, Figure 3.5 (2)), thus

there is much more excess thermal oil in hot storage tank left.
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3.4.1.3 The effects of expansion stages
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Figure 3.6. The effects of expansion stage on excess oil percentage and RTE
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From sections 3.3.1 and 3.3.2, there is about 30% ~ 45% of excess thermal oil in hot
storage tank left after three-stage expansion during LAES discharging. One way to utilize the
excess oil is to add more expansion turbines. From Figure 3.6, when the expansion turbines
increase from three to four, and then to five stages, the excess thermal oil percentage is reduced
from 36.1% to 19.1% and then to 2.7%.. Correspondingly, the RTE of LAES is improved from
0.548 (there-stage expansion) to 0.575 (four-stage expansion) and then to 0.595 (five-stage
expansion), which is consistent with the results of She’s work [212] (red solid points in Figure
3.6), as more output power can be produced under more expansion stages. But more expansion
turbines also mean more investment cost, there is a thermo-economic balance which can be

struck by multi-objective optimization discussed in section 3.4.2.4.

3.4.1.4 The effects of machine efficiencies
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Figure 3.7. The effects of machine efficiencies on RTE
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From Figure 3.7, the effects of machine efficiencies on system RTE at different
charging/discharging pressures (8/8 MPa, 12/12 MPa) can be seen. To be noted, when one
machine’s efficiency changes, the efficiencies of other machines keep constant. The RTE is
enhanced remarkably by 19.7% when the turbines’ efficiencies increase from 80% to 95%. The
second most significant impact on RTE comes from the improvement of compressors’
efficiencies (increasing from 80% to 95%), the RTE is improved by 15.7%. The effects of
efficiencies of cryo-turbine and cryo-pump are less impactful. There is only 4.3% of increase
in RTE when cryo-turbine efficiency goes up from 70% to 90%. About 1.4% of increase in
RTE can be seen when cryo-pump’s efficiency is improved from 70% to 85%. Overall, in order
to obtain higher RTE, it is essential to keep high efficiencies of turbines and compressors, but

to focus more on reducing the investment costs of cryo-turbines and cryo-pump.

3.4.1.5 The effects of HEX pinch points
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Figure 3.8. The effects of HEX pinch points on RTE of LAES
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From Figure 3.8, the effects of pinch points of different heat exchangers (HEXs) on the
RTE of LAES were studied. It can be seen that the most sensitive effects come from the air-
propane and air-methanol evaporators. When their pinch points vary between 2 ~ 6 K, the RTE
decreases by 4.7%, as larger pinch point means worse heat transfer performance, and thus,
more cold exergy loss in these HEXs and lower liquid yield ratio. Besides, the higher pinch
points (from 4 to 10 K) of air-propane and air-methanol cold box also get the system RTE
deteriorated remarkably by 7.5% and 5% respectively. It is due to these four HEXs play key
roles in recovering cold exergy from liquid air, and feeding cold exergy back to liquefy air. By
comparison, compressor coolers have larger effects on RTE than turbine heaters, as larger
pinch points (from 4 to 10 K) of coolers mean more heat transfer losses, leading to more
compression work and lower RTE decreasing by 3.5%. For turbine heaters, there is only 1.8%

of drop in RTE accordingly due to ~6 K of increase in the pinch point.
3.4.2 Single-objective optimization and analysis

Based on the analysis in section 3.4.1, the key factors that affect system efficiency and
economics include the charging pressure, discharging pressure, number of machine stages, as
well as the efficiencies of machines and pinch points of heat exchangers. Thus, in section 3.4.2,
the charging and discharging pressure, as well as the inlet and outlet temperature of air-propane
cold box are considered as the key design and operational variables for the optimization of
LAES. The optimization objective is to maximize RTE (section 3.4.2.1) and maximize NPV
(section 3.4.2.3)). The discussions about the optimizations under different machine stages
(section 3.4.2.4), machine efficiencies (section 3.4.2.5) and HEX pinch points (section 3.4.2.5)

were also presented.
3.4.2.1 Single-objective optimization - energy analysis

For the LAES system with the configuration shown in Figure 3.1, the single-objective

optimization of the system was first conducted. It starts from three different initial points and
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runs for 100 generations, the results are listed in Table 3.4, the optimization curves are shown
in Figure 3.9. It can be seen that the optimal RTEs from three different initial points all have
been optimized by 9.5% ~ 14.4%, reaching around 61% under the nominal conditions shown
in Table 3.3. The corresponding optimal charging and discharging pressures are ~15 MPa and
11.2~11.8 MPa respectively. The optimal inlet and outlet air temperature of air-propane cold
box are ~218 K and ~105 K (in the following sections, the optimum charging/discharging
pressure, as well as the optimum inlet and outlet temperature of cold box are written as X = [15
MPa, 11.6 MPa, 218 K, 105 K]). These parameters further indicate the optimal sizes of air-
propane and air-methanol cold boxes and evaporators, as well as the optimal mass flow rates
of propane and methanol for recovering cold energy, which are given in Table 3.4. It can be
seen that the heat transfer areas of cold boxes and evaporators, as well as the mass flow rates
of cold media all increase remarkably. The most significant increases in heat transfer areas lie
in air-propane cold box and air-propane evaporator, which is directly related to lowering the
inlet temperature of cryo-turbine, leading to higher liquefaction rate and hence more turbine

power output.
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Table 3.4. Single-objective optimization of LAES from different initial points

3-3 stage system before 3-3 stage system after Percentag
Parameters AR ARSI X
optimization optimization e increase
Xo1=[12, 10, 220, 119]  Xopm: = [15, 11.7, 217.8, 104.8]
Initial points Xoz = [13, 13, 222, 120] Xopmz = [15, 11.8, 218, 104.9] /
Xoz = [11, 12,217, 115]  Xopms = [15, 11.2, 218.2, 105.1]
57.3 (Xo1) 61.5 (Xopm1) 7.3%
RTE % 53.5 (Xo2) 61.1 (Xopma) 14.2%
55.4 (Xo3)? 60.9 (Xopms) 9.9%
Compressor 0
consumption/MW 107.12 113.57 6.02%
Compression 474.40 482.30 1.67%
temperature/K
Liquefaction rate % 70.1 81.5 16.3%
Turbine output/MW 56.97 69.32 21.68%
Methanol flow rate (kg/s) 47.10 56.90 20.81%
Propane flow rate (kg/s) 155.20 176.50 13.72%
Air-methanol CB area (m?) 2504.63 5249.06 109.57%?
Air-propane CB area (m?) 5329.08 7325.88 37.47%
A"'methar(‘r?]'z)EVAp area 454153 5208.15 14.68%
A'r'pmpaz‘;gVAP area 4114.70 5624.45 36.69%

Notes:
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1. Other parameters except for initial points were from the optimization started from point X0 =[12, 10, 220, 119];
2. The RTEs are for three different initial points respectively, 01/02/03 — three initial points, opm1/opm2/opm3 —
three optimum points.

3. The large increase in heat transfer area of air methanol CB is mainly due to its mean temperature difference

decrease remarkably.

3.4.2.2 Single-objective optimization - exergy analysis

Taking the optimization case from the initial point Xo ([12 MPa, 10 MPa, 220 K, 119K])
and RTEo (0.573) as an example, the optimized design and operation variables are Xopm = [15
MPa, 11.6 MPa, 217.8 K, 104.8 K] and RTEqpm is 61.5%. The exergy destruction comparison
was conducted to reveal the optimization effects, shown as in Figure 3.10. The total exergy
destruction decreases by 16.6% (from 256.1 to 213.2 kJ/kg.K), which is mainly due to the
remarkably increased heat transfer areas and the reduced heat transfer losses. From Figure 3.10,
specifically, these include the declines of exergy destruction in air-propane cold box (by 31.5%)
and air-propane evaporator (by 11%), as well as in air-methanol cold box (by 58.3%). The
other decreases of exergy destruction in turbines and cryo-turbine are 5.3% and 4.8%
respectively, which are resulted from their optimum working conditions that produce less
entropy increases and irreversible losses. However, the exergy destructions in compressors and
cryo-pump (due to the higher charging and discharging pressure), as well as in coolers and
heaters (due to higher compression heat temperature and heat transfer losses) were observed to

grow by 1~4%.
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Figure 3.10. The exergy destruction comparison of the LAES system before and after optimization
3.4.2.3 Weighted Single-objective optimization - economic analysis

After the optimization, the economic analysis of the LAES system was discussed and
the results are shown in Figure 3.11. The results showed the total CAPEX of LAES increases
by 13.4% to obtain the optimum RTE, and the NPV increases by 66.95% from 25.7 million
£ to 42.7 million £. Specifically, almost the capital costs of major system components all
increase in different degrees (Figure 3.11).

The percentage increases in machines’ costs include 4.7% of compressors, 19.7% of
turbines, 19.1% of cryo-pump and 19.1% of the generator, which results from higher charging
and discharging pressure, as well as higher air flow rate and power output during discharging.
The significant cost increases of heat exchangers are observed as well, including 97.5% of air-
methanol cold box and 41.2% of air-propane cold box, as well as 35.3% of air-propane
evaporator and 15.5% of air-methanol evaporator. Higher liquefaction rate produces more
liquid air and hence higher liquid air storage cost (increase by 14.5%). The costs of cold storage
and heat storage enhance by 9.2% and 1.1% respectively. It indicates that the system prefers to
enhance the costs of major components to obtain higher RTE and NPV. Overall, after

optimization, four major cost contributors of the whole LAES system still are turbines (22.3%),
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the liquid air tank (15.2%), heat storage (including thermal oil, 15.4%) and compressors

(12.3%).
B COMPIessors ® turbines B cryo-turbines
CIyo-pumps m generators m coolers
m hearters m air-methanol cold box  ® air-propane cold box
m air-methanol evaporator -~ air-propane evaporator = heat storage
cold storage liquid air storage
15.2%
15.1%
3.7%
3.8%
1549 t
3.3%2.8%
Qi

Figure 3.11. LAES system components cost comparison before and after optimization

3.4.2.4 Single-objective optimization of LAES with different machine stages

The single-objective optimization of LAES with different machines stages was
conducted, the comparison results are shown as in Figure 3.12. For LAES with four stages of
compressors and turbines (termed as four-stage system), the optimal variables and objective
are Xopm = [16.5 MPa, 13.3 MPa, 210 K, 105 K] and RTEqpm is 0.61. Compared with the LAES
with three stages of machines (termed as three-stage system), the charging pressure increases
from 15 to 16.5 MPa, and the discharging pressure from 11.5 to 13.3 MPa.. It is due to that the
compression ratio and expansion ratio per stage both decrease for four-stage system, leading

to the decreases in the compressor power per stage and compressor outlet temperature, as well

80



as the turbine output power per stage. However, as the hot storage temperature and expansion
power of turbines are all reduced. Thus, the charging pressure was optimized to be higher to
produce a higher temperature of thermal oil, in order to increase turbine power output at higher

discharging pressure and to obtain better RTE.

0.62

0.6

0.58 I

System RTE

& —6—RTE-3 compressors & 4 turbines
~#—RTE-4 compressors & 4 turbines
—+—RTE-3 compressors & 3 turbines

0.56

0.54

)

0.52 : : :
0 20 40 60 80
[terative generations

Figure 3.12. Single-objective optimization of LAES with different stages of machines

For the LAES system with three-stage compressor and four-stage turbine (three-four
stage system), after optimization, the optimal variables are Xopm = [15.4 MPa, 11.7 MPa, 210
K, 105 K] and RTEopm is 0.633. The optimum pressure and temperature are close to those of
the LAES system with three-stage machines, but the efficiency has been optimized from 0.575
(section 4.1.3) to 0.633. It is mainly due to that one more stage of turbine can help fully utilize
the excess compression heat, producing more output power and higher efficiency, accordingly,
the NPV is the highest at 50 M£ and specific power cost is the lowest at 756.9 £/kW
respectively for three-four stage system, the detailed comparison of these parameters are shown

as in Figure 3.13.
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Figure 3.13. Detailed parameters comparison of LAES with different stages of machines

3.4.2.5 Single-objective optimization under different device parameters

The single-objective optimization of the LAES system with the worst machine
efficiencies and worse heat transfer performance were studied, shown as in Figure 3.14, the
detailed results comparison is shown in Table 3.5. After the optimization, the optimal design
parameters and objective for the worst machine efficiency scenario are Xopm = [13.7 MPa, 9
MPa, 210 K, 105.7 K] and RTEgpm is 0.459. Compared with the optimum results of LAES
working under the nominal conditions, a lower charging pressure is to reduce the compressor
power consumption, and a lower discharging pressure is to reduce the cold exergy loss across
the pump, as their efficiencies both get worse. The inlet and outlet temperature of air-propane
cold box are kept at lower value to increase the liquefaction rate. Thus, for three-stage LAES
with compressor efficiency in the range of 75% ~ 90%, the optimal charging pressure is
between 13~15 MPa. If the turbine and pump efficiency vary between 80%-~90% and

60%~70%, the optimal discharging pressure is between 9 ~11.5 MPa.
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Figure 3.14. The Single-objective optimization of LAES under worst scenarios

When the pinch points of heat exchangers within LAES increase to larger values, it
means the heat transfer performance gets worse. The optimization curve in Figure 3.14 gave
the optimum design parameters Xopm = [16.8 MPa, 10 MPa, 217.6 K, 105.2 K] and the
optimum objective RTEqpm (0.553). Compared with the optimization results of LAES working
under nominal conditions, operating at a higher charging pressure is to obtain higher
compression heat temperature, which can compensate the heat transfer losses in compressor
coolers and enhance the discharging power output. A lower discharging pressure is selected to
avoid much cold exergy loss across pump, as the cold exergy losses in evaporators increase
when their pinch points are higher. Thus, for designing LAES systems, if the heat transfer
performance of HEXSs gets worse, the charging pressure should be elevated but the discharging
pressure should be reduced. Meanwhile, larger heat transfer areas and mass flow rates of cold

storage media are required to keep higher RTE. Overall, from the comparison shown in Table
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3.5, lower machines’ efficiencies lead to more compressor power and lower power output,

leading to lower RTE and NPV. The effects of worse machine efficiency have worse impacts

on LAES than those of the case with worse heat transfer performance. To be noted, the heat

transfer areas of HEXs with larger pinch points are all smaller than those of LAES at the

nominal and worst efficiency scenarios, as the logarithm mean temperature differences of

HEXs all increase remarkably.

Table 3.5. The detailed parameters comparison of LAES under worst scenarios

Optimum parameters

Three-stage system
under nominal
conditions

Three-stage system
with the worst
machine
efficiencies

Three-stage system with
higher pinch points of HEX

Variable scenarios

Optimization variables

RTE

Compressor
consumption/MW
Compression
temperature/K

Turbine output/MW
Methanol flow rate (kg/s)

Propane flow rate (kg/s)

Air-methanol cold box area
(m2)
Air-propane cold box area
(m2)
Air-methanol evaporator
area (m2)
Air-propane evaporator
area (m2)

NPV ME

Compressors 89%

Cryo-turbine 80%

Cryo-pump 70%
Turbines 90%

[15, 11.6, 218, 105.1]
0.611

113.57

482.30

68.97
56.90
176.50

5249.06
7325.88
5208.15

5624.45
51.40

Compressors 75%

Cryo-turbine 70%

Cryo-pump 60%
Turbines 80%

[13.7, 9, 210, 105]
0.451

131.63

504.23
60.77

53.84
188.62

4262.22
7024.76
5187.63

5664.39
27.30

Cooler-10 K (nom 5 K)
Heater-10 K (nom 5 K)
Cold box-10 K (nom 5 K)
Evaporator-5 K (nom 2 K)

[16.8, 10, 217.2, 105.2]
0.553

116.74
472.60

65.30
56.90

184.30
3034.79

4180.72
3048.54

5397.58
34.33

Notes:

1. ‘nom’ means at the nominal conditions.

3.4.3 Two-objective optimization for three-stage system

Based on the results from section 3.4.2.3, RTE is synergistic with NPV but in conflict

with capital cost. As NPV is highly dependent on economic factors, like electricity price
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difference, discount rate and operating days etc., the sensitivity analysis result of NPV under
different economic assumptions (the possible minimum and maximum value) is shown in
Figure 3.15. It can be seen that the most significantly impactful factors are electricity price,
discount rate and charging hours, like when the electricity selling price varies between 0.06
and 0.1 £/kWh (keep the electricity purchasing price 0.02 £/kWh constant), the NPV increases
from million £ 0.193 to million £ 85.49. The less impactful factors include annual working

time, lifetime, maintenance cost and escalation factor.

——The minimum boundary The maximum boundary
Electricity selling [0.06, 0.1] £kWh
price

. Discount rate

Maintenance cost:,----"'I'_'_','_-.'-.--I"":f_'.-::::'_j:_..----""" .,
: # 762 [3%, 10%]

[0.5%, 5%]

Lifetime of LAES *. = = = | " = /. ./ .~ Escalation factor
[1 8, 30] Yeal'S ................. V [0%, 5%]

92.59

Charging hours -Annua! working [270, 340] h
time
[5,12]h

Figure 3.15. The sensitivity analysis of NPV under different economic assumptions

Thus, for the two-objective optimization, the CAPEX of LAES was chosen as another
objective due to it is less uncertain, the optimal Pareto front is shown in Figure 3.16. Selecting
four optimal points from the Pareto front, the results are listed in Table 3.6. It can be seen that
higher RTEs are at the cost of higher capital investments, but also producing higher NPV.
Specifically, when the RTE increases by 1%, the optimized CAPEX increases by 0.5-1% (the
regression relationship between RTE and CAPEX on Pareto front is shown in Figure 3.16).
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Comparing to single-objective optimization (RTEopm is ~0.61), the two-objective optimization

gave the optimum RTE at 56.5%, to avoid a significant increase in the CAPEX of LAES.
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Figure 3.16. The optimal Pareto front of RTE and CAPEX

Further form Table 3.6, when the system investment budget is limited, the optimization
prefers to have a lower charging pressure, to reduce the compressor power consumption and
its investment cost. When the system investment budget is large, it chooses a higher charging
pressure, the discharging pressure is near the optimal value (~11.5 MPa), to produce higher
compression heat and more power output, and hence higher RTE at a reasonable system cost.
After the two-objective optimization, it is also observed that the inlet and outlet temperatures
of air-propane cold box decrease remarkably, accordingly, the heat transfer areas of HEXs are
enhanced significantly, but the increases in their CAPEXs are limited, as the HEX costs only
account for 3%-5% of total CAPEX of LAES (from Figure 3.11). Thus, the investors should

balance the trade-off between RTE and investment cost at the beginning, choosing to
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investment more on HEXs at first (larger heat transfer areas) and then more on compressors
and turbines (higher charging/discharging pressure).

Table 3.6. The selected points and parameters from the optimal Pareto front

thlmal Methanol Propane Methanol Propane  Methanol  Propane
Point [MP, mass RT CAPE NPV/
mass flow CBarea/ CBarea/ EVAP EVAP
MPa, K, flow rate E/% XIME ME
rate kg/s m2 m2 area/m2 area/m2
K] kals
[11,12.7,
227, 139] 374 110.0 1502.3 2386.5 3479.7 3321.0 425 417 4.2
[12.3, 11,
218, 124] 455 144.1 2322.9 4522.0 4300.5 41234 492  46.1 19.2
[11.7, 10,
224, 117] 475 155.2 2643.0 5966.5 4613.7 40204 522 475 25.0
[13.5,
10.8, 217, 54.1 173.9 4493.4 7223.3 5083.9 5076.5 56.3 51.3 35.6
108]

3.4.4 Two-objective optimization for multi-stage system

The Pareto front of two-objective optimization of LAES with different stages of
machines is shown in Figure 3.17. The optimal Pareto front comparison indicates that if the
CAPEX budget is below 42 M£, there is a better trade-off between RTE and CAPEX for three-
stage system. If the CAPEX budget is between 42 M£ and 44 ME£, the optimal RTE of three-
stage system is around 44%, while that of four-stage system is around 46%-48%. When the
CAPEX budget is between 44 to 48 M£, the Pareto front shows that three different LAES
systems present similar trade-offs between the optimal RTE and CAPEX. But when CAPEX
budget is above 48 ME, the three-four stage system presents the best RTE (55% - 61%), which
is 7.3% and 3.6% higher than RTEs of three-stage system and four-stage system. The
regression relationship between RTE and CAPEX of three-four stage system on the green
Pareto front is shown in Figure 3.17. Overall, after crossing a specific investment threshold,
the advantages of three-four stage system are obvious. Thus, it is not wise to add more machines

stages at lower CAPEX budget, but to focus on optimizing heat transfer areas to enhance the
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overall efficiency. If more budget is allowed, except for increasing heat transfer areas, more

machine stages and their good combination can produce better RTE.
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Figure 3.17. Two-objective optimization of LAES with different stages of machines

3.4.5 Three-objective optimization of LAES system

In this case study, take the LAES configuration with three-stage compressor and four-
stage turbine as an example, three-objective optimization was conducted, to optimize the RTE,
CAPEX and OSDE simultaneously, the optimal design and operational parameters were
obtained (four points are shown in Table 3.7) and the optimal Pareto front is shown as in Figure
3.18. From Figure 3.18, the more investment made, the higher the RTE and OSDE. Though
the higher RTE means more liquid air is produced, accordingly triggering larger volumes of
liquid air tank and cold storage tank. But the enhancement in power output is more than the

total increase in tank volume, producing higher OSDE. From the view of design and
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operational parameters, in order to obtain higher RTE and OSDE, it prefers to increase the
charging and discharging pressure, as well as the heat transfer areas of propane cold box and

evaporators, but the increase in thermal oil storage volume is very limited in order not to lower

the OSDE.
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Figure 3.18. The optimal Pareto front of three-objective optimization

Table 3.7. The optimal design and operational parameters of three-objective optimization

- OSDE Charging Discharging
RTE CAPEX/ million
(kwWh/m?3)  pressure (MPa)  pressure (MPa)
0.48 46.30 1.11 13.60 12.52
0.54 49.31 1.18 13.14 11.67
0.58 51.55 1.24 12.01 13.58
0.61 55.24 1.34 15.94 14.32
Inlet T of cold bo Outlet T of cold bo
x M X V. hotm* V. _coldim? V_LAES/m®
(K) (K)
221.57 132.96 14680.00 7705.00 3860.00
222.42 125.17 14668.08 8474.60 4204.42
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210.66 122.68 14521.80 8624.67 4341.13
225.66 107.63 15088.67 9425.49 4824.93

3.5 Summary

This part of work conducted the parametric study and thermo-economic multi-objective
optimization of a stand-alone LAES system, the major contributions and conclusions were
drawn as the followings:

a. After the Single-objective optimization of a three-stage LAES system, the optimal
design and operation variables were derived, including the optimal charging pressure (~15 MPa)
and discharging pressure (~11.5 MPa), as well as the optimal inlet (~218 K) and outlet
temperature (~105 K) of air-propane cold box. These parameters can further indicate the
optimal heat transfer areas of coolers, heaters, cold boxes and evaporators, as well as the
optimum mass flow rates of propane, methanol and thermal oil. The RTE can be optimized by
7%~14% to be ~61%.

b. After the sensitivity optimization, it indicated that a LAES system with three-stage
compressor and four-stage expander performs better than three-stage and four-stage LAES
systems. The RTE of three-four stage system can be optimized from ~57.5% to ~63%. LAES
systems with different machine efficiencies and heat transfer performance need different
optimal design and operating parameters. The overall guideline is: the system with lower
machine efficiencies works well with lower charging and discharging pressure, but the system
with worse heat transfer performance of heat exchangers need higher charging pressure and
lower discharging pressure.

c. The two-objective and three-objective optimization of the LAES presented the Pareto
Front of RTE, CAPEX and OSED. It indicated that more capital investment can lead to higher
RTE, NPV and OSED. The investment budget should be on different LAES systems and

configurations should be tailored depending on different investment budgets. For example, a
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LAES system with three-stage compressor and four-stage expander can obtain better RTE and

NPV if over 48 million £ of investment budget is allowed.
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4 The dynamic analysis of Liquid air energy storage

Integrated with wind power

4.1 Introduction

4.1.1 Literature review

4.1.1.1 Dynamic analysis of LAES without control strategy

Several researchers have investigated the transient behaviours of packed-bed thermal
storage in LAES plants, while other components’ models were all in steady-state. The results
from Sciacovelli et al. [44] indicated that the specific liquefaction work increased by ~25% due
to the increasing cold end temperature of the packed-bed cold storage, but the specific
expansion work was not affected obviously by the bed transient behavior. In consequence, the
RTE changed from cycle to cycle, reaching ~48% after ~20 cycles and keeping constant after
the steady-state inside the packed bed was established. Legrand et al. [111] investigated the
effects of the transient behavior of packed-bed cold storage on the liquid yield ratio and
pressure drop of a LAES system. The results indicated that the liquid yield ratio decreased
dramatically but the pressure drop increased after 6~8 hours of charging.

Guo et al. [223] studied the dynamic characteristics of a two-stage packed-bed in a
LAES system after multiple cycles. It considered the intermittent period between the charging
and discharging processes, as well as the inevitable cold energy loss. The results indicated that
the RTE of the LAES was lower than that of ideal cycle (without dynamics and cold exergy
loss) by 16.8%. Wang et al. [224] evaluated the effects of dynamic performance of hot and cold
packed-beds on a LAES system from start-up period to steady-state operation. The results
concluded that the average liquid air yield increased from 0.23 (start-up) to 0.56 (steady-state),

the RTE reached ~42.8% and a combined heat and power efficiency reached ~82.1%. However,
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a complete dynamic system model should have time-dependent and dynamic sub-models of its
all components, in order to study the transient performance of the system and to develop
dynamic control strategy, which cannot be achieved by steady-state modelling.

4.1.1.2 Dynamic analysis of LAES with control strategy

Several researchers have worked on studying and developing the control strategy of
LAES systems based on the full dynamic models. Guo et al. [225] developed a comprehensive
dynamic model for a supercritical-CAES system (SC-CAES), in which the volume effect and
thermal inertia were considered to study the transient performance and control methods. The
results showed the different transient impacts of volume effect and thermal inertia of
components. A 10% of load step-down method and a combined control model were proposed
to achieve shorter load balance time and smaller dynamic overshoot.

Cui et al. [226] developed the modular dynamic model of the LAES discharging unit,
which considered the performance characteristics of key components and dynamic changes of
thermodynamic parameters. The control strategy design and the sensitivity analysis of rotor
speed rising rate, as well as the frequency disturbance test can help expand the understanding
of LAES systems and provide more practical application guidance. The same authors [227]
have developed a dynamic model of a 12.5 MW LAES system as well. The dynamic simulation
of different operating conditions of the LAES discharging unit can help develop the control
schemes for the start-up process and the primary frequency regulation. Lu et al. [228] studied
the impacts of rotor time constant and valve closing time on the rotor speed and shutdown time
of the LAES discharging unit. It is recommended that the rotor time constant should be less
that 7s, the closing time of the control valve should not exceed 1.5s, to meet the safety

requirements of the system.
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4.1.2 Research aim

From the literature review above, it found that few researchers have paid attention to
the dynamic analysis of LAES, which is crucial to understand its practical operational
behaviour and control strategy. Meanwhile, the dynamic characteristic of an LAES system
when integrated with renewable energy is important to smooth the renewable power output and
improve the stability of power grid, but such kind of analysis is currently unavailable. Thus,
this part of work contributes to the dynamic studies of LAES, with a particular focus on
investigating its dynamic characteristics when it is integrated with wind power. In order to
achieve this, the major issues addressed by this work are presented as the following three parts:
a) The component- and system-level dynamic models of a LAES discharging unit, as well as a
proper control strategy were established, to capture and understand its transient behaviours
when wind power fluctuates with time, to improve the dynamic performance of LAES. b) The
wind power curve was decomposed into the components varying at different time scales and
frequency bands which were fed to the storage systems with different response speeds, in order
to identify the response time of LAES, to smooth and compensate the fluctuations of wind
power properly. ¢) The economic comparison among the distributed LAES system with
different battery technologies was conducted to identify the most practical and economical
storage combination to respond to the fluctuating wind power.

The structure of this part of work is: section 4.2 presents the distributed LAES system
and its layout. Section 4.3 introduces the component dynamic mathematical models and
validation results. Section 4.4 introduces the case study and methodology. Section 4.5 presents

the major results and discussions. The conclusion is made in section 4.6.
4.2 LAES system description

A whole LAES system is represented in Figure 4.1. It is composed of three major sub-

systems [17]: a liquefaction unit, a storage unit and a power recovery unit. However, for small-
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scale application scenarios, like for a micro-grid or a distributed energy system, the capital
investment on an air liquefaction unit would be very expensive and less efficient. A feasible
approach to apply LAES systems into such cases is to introduce the LAES discharging unit,
the related components include cryogenic tanks, pump, evaporators, heaters, heat storage units,
turbines and generators. The needed liquid air or liquid nitrogen can be produced on-site by the
LAES charging unit or can be purchased from market and stored in tanks for system operation.
Such a distributed LAES system can help achieve multiple functions, including the energy
arbitrage, renewable energy smooth, operating reserve, black-start, and the deferral of
transmission capacity etc., providing its technical and economic benefits. In this part of work,
it is mainly to discuss the response time, dynamic behaviour and control strategy when the

distributed LAES system interacts with wind power from a distributed wind farm.
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Figure 4.1. Representation of LAES system

4.3 Component dynamic model and validation

4.3.1 Pump model

A reciprocating cryogenic pump is used to pump liquid air from the tank to turbine train.

The dynamic model of the pump and assumptions are described as followings [229][230]:
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a. The liquid air is non-compressible, there was no heat transfer between pump and
ambience. The nominal inlet and discharge pressure kept constant.

b. It was assumed the minimum level of liquid air in tank is enough to keep the
reasonable Net positive suction head required (NPSHR).

c. The pump inlet and outlet valves open only depending on the valve pressure
difference and spring force, the valve leakage was not considered, the cavitation effect was
ignored as well.

The volume flow rate of the cylinder was derived based on Reynolds transport theorem
[231], expressed as in eq.(4.1), the inflow and outflow air rate are expressed in eq. (4.2) and

eq.(4.3) [232].

Q.= Qp — Qi+ Qout eq. (4.1)

2(Pin—Pc
Qin = AinCrin f—( 5 ) eq. (4.2)
2(Pc_Pou )
Qout = Aouth,out ’ P - eq. (4.3)

where, Q. — the cylinder flow rate (m3/s), Q, — the piston displacement flow rate (m3/s), Qi —
the valve inflow rate (m%/s), Q,,: — the valve outflow rate (m?/s), A;,- the flow area of inlet
valve (m?), A,,,.-the flow area of outlet valve (m?), P;,,- the inlet pressure before inlet valve
(kPa), P,,,.-the outlet pressure after outlet valve (kPa), p — the density of fluid (kg/m®), P.- the
pressure inside the cylinder (kPa). Cy ;- the flow coefficient of inlet valve, Cy - the flow
coefficient of outlet valve.

The piston displacement x,,, linear speed v, and cylinder displacement flow rate Q,
are the function of rotating angle 8 (rad) or rotating speed w (r/min, rpm) of crankshaft, they

can be expressed as in eq. (4.4), eq.(4.5) and eq.(4.6) [233].

xp, =71[(1— cosB) + % (1— V1 =22 sinze)], eq. (4.4)
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A sin 26

vp(H) = rw(sin@ + m),

eq. (4.5)

Qp = P Xp*Ap, eq. (4.6)

where, r — radius of crankshaft (m), A - radius and length ratio of crankshaft, A,, — piston area

(m?).
The pressure and enthalpy inside cylinder can be obtained from eq.(4.7) and eq.(4.8)
[232,234].
=y = = = (@ = 20— Qou)), ed. (4.7)
L = Q+ W+ minhin — Mpuche, eq. (4.8)

where, £ — fluid bulk Modulus of Elasticity (Pa, N/m?), the bulk modulus constant of liquid air
is 2.5*10° Pa, V, — the volume of cylinder (m?), u — the thermodynamic energy (J/kg), Q- heat

rate (W), W — power rate (W), rih— mass flow rate (kg/s), h - enthalpy (J/kg.K). Subscripts, in
— inlet, out — outlet.

The pump model has been validated based on the pump input data and results given by
Kim et al. [232]. The pressure variation curve (Figure 4.2 (a)), the mass flow rate varying with
time (Figure 4.2 (b)), and the relationship of mass flow rate with pump pressure (Figure 4.2 (c))
and rotating speed (Figure 4.2 (d)) are shown as followings. It shows that mass flow rate is
linearly correlated with pump speed (Figure 4.2 (d)), but is independent of the pump outlet

pressure (Figure 4.2 (c)), it is due to the flow characteristics of reciprocating pump [235].
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Figure 4.2. The pump pressure and mass flow rate validation curve

4.3.2 Turbine model

The stored liquid air is drawn from tanks to expand through multi-stage turbines to
produce power. The off-design turbine model is built based on the thermodynamics, which is

used in system Simulink model to determine outlet parameters at different time points. The
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inlet temperature (T},,) and pressure (P;;,), as well as the turbine speed (N7 ,-) and mass flow
rate (mr,) are all known. The output parameters are outlet temperature (T,,;) and pressure
(Pout), the efficiency (n4,-) and expansion ratio Sy, the output power (Wr,.) and torque (Tr;.).

The operation of each turbine is described by the reduced characterized performance

parameters [236] and Flugel formula [237], shown as in eq. (4.9) - eq. (4.15).

WTr = m.Tr(hTr,out - hTr,in) €q. (49)
ITr (1 — (1 — ' N2 YN (5 _ Nir

T = (1= t(1 = np)? ) gt (2 G%T) eq. (4.10)

’ N T

Nr, = NT:O eq. (4.11)

Ny, = —2Ir eq. (4.12

Tr — m q( . )

Gry = S eq. (4.13)

My = —m'T;TVrT;”” eq. (4.14)

%za\% /ﬁ”;TTZ;_ll eq. (4.15)
where, the subscripts 0 — the design/initial state, Tr — expansion turbine, the superscripts
“’* means the normalized parameters, ‘-’ means the reduced parameters. Symbols I - the power
output (W), m — the mass flow rate (kg/s), T- the temperature (K), n- the isentropic efficiency,
P — pressure (kPa), RP — the pressure ratio, RM — the mass flow rate ratio, 5- the expansion
ratio, N — the turbine speed (rpm). The rated speed of turbine is 3000 r/min. Constant t is 0.3
[236].

The turbine performance characteristic map was plotted in Figure 4.3. It is used to

obtain the thermodynamic parameters of turbine under off-design conditions.
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Figure 4.3. The performance characteristic map of turbine under different speed ratio

4.3.3 Packed-bed model

For high-grade cold storage, based on heat transfer governing equation derived from
energy conservation and Fourier’s law, one-dimensional differential energy balances were built
for the packed-bed and liquid air, which cover the energy change rate, flow convection,
conduction heat transfer, convective heat transfer between two media, shown as in eq. (4.16) -
eq. (4.18), several assumptions were made as followings [44,111].

a. The dynamic performance was only dependent on time t and coordinate x, the wall
effect was neglected. The heat transfer between packed-bed shell and ambience was neglected.

b. Packed bed was assumed with mono-dispersed particles and homogeneous
distribution. The temperature was distributed uniformly in particles.

c. The heat conduction of liquid in flow direction was ignored. The liquid air is
incompressible, the tracked mass in solid bed was not considered.

oTs 0%T; =~ ahg
PsCps 52 = A5 + — L (Tr = T), eq. (4.16)

100



d(CprTy) (CpfTf)  ahe

2Lt pru, =2 = = (T~ T)), eq. (4.17)

o(pr) |, 0(pfux)
at + ax 0,

eq. (4.18)
where, the cylinder height and diameter can be determined by users, the diameter of filling
spheres d,, is 0.015m, the void fraction ¢ is 0.38. The solid material heat capacity Cps is 541
JIkg.K, density p, is 2560 kg/m?, the thermal conductivity A is 8.99 W/m.K, the bed initial
temperature Ts is 288 K. Cy ¢, py, Tr are specific heat capacity, density and temperature of heat
transfer fluid, h. s, - the volumetric convective heat transfer coefficient [111], u, —the air axial
velocity, a — the heat exchange surface per unit volume.

The packed-bed model has been validated by the experiment data from pilot LAES
plant [44], of which the packed-bed cold store is a 4U-shaped cylinder filled with quartzite
rock. The validation result is shown as in Figure 4.4, the validation results deviation was caused

by some uncertainties in the experiment, like the void factor estimation or the exact positions

of thermocouples.
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Figure 4.4. Packed-bed model simulation results and validation

4.3.4 Heat exchanger model

A LAES plant involves different heat exchangers for different applications, including
the evaporators, coolers and heaters etc., which normally have two counter-flow streams,
namely the hot and cold streams exchanging heat inside. The types can be brazed-plate, shell-
and-tube or plate-and-plate frame etc. Some assumptions were made before building the model
[238].

a. The heat conduction in flow direction and pressure drop were ignored. There was no
heat source or sink inside the heat exchangers.

b. A lumped overall heat transfer coefficient was assumed for the convective heat
transfer between two fluids.

Based on the assumptions, as well as the energy conservation and Fourier’s law, one-
dimensional governing heat transfer process is expressed as partial difference equations below

eq.(4.19) — eq.(4.20) [239].

OT.(x,t) 0T (x,t) UnexA(Th(x,t) — Te(x,t))
Cpe (T2 + v TE2D) = 2 hED " RxD) eq. (4.19)
pthh (aT};(tx,t) + v, aTzix,t)) — UhexA(TC(x"/ti_ Th(x,t))' eq. (420)

where p — density (kg/m?), C, — specific capacity (kJ/kg), v — specific volume (m3/kg), A —
heat transfer area (m?), V — heat transfer volume (m?), U — heat transfer coefficients (W/m?K).
The subscripts ¢ — cold working fluid, ht — hot working fluid, hex — heat exchanger.

The finite difference method and the first-order up-wind scheme were used to solve the
partial differential equations. The overall heat transfer coefficient was estimated based on the
empirical data from the work [240].The initial constant inlet temperature and zero-gradient

boundary conditions are set as eq. (4.21) and eq. (4.22) for two working fluids [241][239].

Th(x' O) = ThO,l’n' TC(L' O) = TCO,in' eq' (421)
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OT.(x,t)
ax

0T R (x,t)
|X=0 = 0’ ’;—; |x=L = 0 ] Eq- (4.22)

The heat exchanger model has been validated by the results from the work of Li et al.

[241], which is shown in Figure 4.5.
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Figure 4.5. The validation results of air outlet temperature of heat exchangers

4.3.5 Liquid air tank model

For liquid air storage tank, it receives liquid air from liquefaction unit and supplies
liquid air for expansion. The assumptions were made for LAES tank modelling as followings
[241]:

a. No heat source / sink exists in the tank. The pressure change inside the tank was
neglected.

b. The tank shape is cylindrical. The minimum liquid air level of tank met the
requirement of NPSHA of the cryogenic pump.

The energy balance and the liquid air level change rate in the tank, as well as the related

parameters are expressed in eq.(4.23) — eq.(4.26), which referred to the modelling of CAES
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tank [241,242]. Figure 4.6 shows the variation of liquid air level for ~50s, it decreases linearly

with time when a constant outlet mass flow rate was applied.

0T1q . .
plaVlanla ot = mla,inhla,in - mla,ohla,o - UtkAs ’ (Tla -

aHla
PiaAbm ot = Mygin — Mg

0Hq

Hio(t) = Ha(t—1) + e

Hmin < Hla < Hmaxr

Tamp), €0.(4.23)
eq. (4.24)
eq. (4.25)

eq. (4.26)

where, symbols: H — liquid air level (m), h — enthalpy (kJ/kg), p — density (kg/m?), V — tank

volume (m?®), i —mass flow rate (kg/s), U — heat transfer coefficient (W/m?), T —temperature

(K). Subscripts: la — liquid air, tk — tank, s — tank surface, bm — bottom, min — minimum, max

— maximum.

Liquid air level

0.7

Storage level/m
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Time/s

Figure 4.6. The liquid air level in tank
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4.3.6 Valve model

The valve is used to regulate the air mass flow rate going through turbines. The pressure
drop APand mass flow rate g,, are presented as the non-dimensional relationship with the
opening rate ¢, the process is isenthalpic (constant k), shown as in eq.(4.27) — eq.(4.29) [243]:

Gm = —9 * 107592 + 0.0199¢ — 0.0362, eq. (4.27)
AP = —3.3057 * 10773 + 1.5174 * 10™*¢? — --.
—1.9563 x 10~ %¢ + 1.7828 eq. (4.28)
hin = hout, eq. (4.29)
4.3.7 Turbine rotor model

The turbine rotor speed is determined by four factors, they are: the mechanical torque
T, load torque T, and friction torque T, as well as the moment of inertia J. w (rad/s)/N (r/min)
is turbine rotor speed. The rotor torque balance equation is shown as in eq. (4.30) — eq. (4.31)
[226].

JE =TT, — Ty eq. (4.30)

2N
w =" eq. (4.31)

4.3.8 System-level validation

The first pilot LAES plant was located in the University of Birmingham, which has a
rated power of 350 kW and a rated capacity of 2.5 GWh. The system configuration is shown
in Figure 4.7. It consists of a liquid air tank, reciprocating pumps, the packed-bed cold storage,
two evaporators, the hot water storage system (temperature 45~65 °C), heaters and four
expansion turbines (inlet pressure ~56 bar) [41]. The plant tests have been conducted to study
the system performance and dynamic behaviour, the results obtained from the tests have been

validated by the dynamic model in this work.

105



Cold store 1 Cold store 2

Air output

N o

|

Liquid air
tank
1
r 2
Cryo pump Evapocator #1 Evaporator #2 A
- = P — (T,
G, " 4 — f A
f /\/_; l’ ' /\/ \ . | /\
> @ e A & ~ s
\ / - - o & ——
Heater =3 Turbine #2 Heater 22 Turbine #1 Heatwer =]
g W
1\ I - I 1
_/’
Turbine #3 Heater #4 Turbine #4

Figure 4.7. The first pilot LAES plant configuration [41]

4.3.8.1 Thermodynamic states validation

The key thermodynamic states of LAES system during the tests and simulation were
compared, shown as in Table 4.1. The power output of the model at steady state is 299.08 kW
(error 4.7%) when the mass flow rate is 1.6 kg/s. The temperature relative differences come
from the coarse estimation of heat exchangers sizes. The pressure differences come from the
simplicity of the model which does not consider the pressure drops before turbines. The results

can confirm the validity of system model with around 0.2% - 5% of error differences [221].

Table 4.1. The comparison of thermodynamic states of LAES plants [244]
Thermodynamic Tests/Simulation Temperature error Tests/Simulation
states (Figure 4.7) Temperature (K) (%) Pressure (bar)
2 103/103 0 56/52
3 164.1/171.3 4.4% 56/52
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4 216.2/215.7 0.2% 56/52

5 337.2/339 0.5% 51/51.6
6 298.2/293 1.7% 25/24.8
16 107.3/113 5.3% 1/1

4.3.8.2 The system response time validation

Based on the test result of the response time of the LAES pilot plant, this work divides
the start-up process into two stages [41]. During 0-30s, turbine starts to increase its speed to
the rated value (3000 r/min) without external load added. During 30-120s, turbines transfer
mechanical torque to generator to output power. The simulation power curve (Figure 4.8)
shows the turbine power varying with time, it increases to around 35 kW during 0-30s, and
then decreases to ~0 to keep the turbine speed constant at 3000 r/min (constrained by the power
swing equation [226]), as the generator load was added from zero at 30s. After about 130s
(compared to ~120s for test results), the turbine power increases to the maximum value (the
rated generator load power) and keeps constant after then. The whole simulation curve is nearly
in consistent with the tested generator power curve after 30s, while the difference exists before
30s, it is due to two curves were observed from different views, the simulation curve was

viewed from turbine rotor side, the tested curve was viewed from the generator side.
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Figure 4.8. Power time response characteristics of LAES discharging model

4.4 Case study and methodology

4.4.1 Case study

LAES is an energy storage system which can be used to integrate with renewable
energy, like wind power. However, wind power is fluctuating and intermittent, featuring multi-
scale time and frequency components. Thus, it is necessary to discuss the time response
characteristics of LAES when interacting with wind power, to find the feasible storage system
to help absorb, compensate and smooth the fluctuating wind power, reducing its impacts on the
stability and reliability of power grid.

A wind power curve was obtained from a small-scale distributed wind farm in China
(CITIC Pacific Jiangyin Taineng Wind Power Co., Ltd.). The data was collected in seconds,
shown as in Figure 4.9. The rated power capacity of the wind farm is 2MW, the average wind
capacity factor is 0.35. It is assumed that the wind farm is equipped with a storage system to

help deal with the power dispatch command. Another assumption is made to facilitate the
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technical and economic analysis: two power commands are required by the system operator, a
constant peak power at 1 MW and a constant off-peak power at 400 KW. When wind power is
higher than the commanded power at off-peak period, the excess power is stored in LAES
through the charging unit, but this study will not discuss the charging characteristics. When
wind power is less than the commanded power at peak period, the rest needed power should be
provided and compensated by the storage system, the dynamic behaviour of the LAES

discharging unit will be discussed in section 4.5.1. The techno-economic analysis results can

be applied to more general cases.
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Figure 4.9. The original wind power curve

4.4.2 Methodology

For the LAES discharging unit, the pump provides liquid air for turbines to achieve
expansion and power output, the pump can work under constant-speed or varying-speed modes,

the discharging unit has four operation modes in practical way, they are the start-up process,
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the steady-state operation, the idle operation and the shut-down period. During the start-up
process, turbines slowly increase the speed to the rated value without connecting to a generator,
in order to gradually increase the temperature of air flow and turbine casting [239]. Then
turbines are connected with generators and the external torque is loaded if the inlet conditions
of turbines are acceptable, the system is adjusted and goes into the steady-state mode. During
the whole process, the PID controller is activated to adjust the opening rate of the regulating
valve, changing the mass flow rate of air injected into turbines and power output to respond to

the varying external load [227]. The control strategy is shown as in Figure 4.10.
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Figure 4.10. The control strategy of LAES discharging unit

Considering the multi-scale time components existing in wind power, a decomposition method
is needed to split the original power signal into different time scales, or frequency bands. In
this study, the empirical wavelet transform technique is adopted due to its fast computation and
high accuracy [245], the spectrum segmentation and wavelet transform coefficients were
applied to decompose the energy of the input signal into different time scales or frequency
bands. Based on different time response characteristics of storage systems, the split signals can
be reconstructed into different time-scale components for storage systems to respond,

absorbing or compensating the power components.
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4.5 Results & discussion

4.5.1 Wind power decomposition and storage response

Based on the methodology in section 4.4.2, the wind power curve was first decomposed
into different components (components with 5~7 different frequency bands). They were then
reconstructed into two power signals at different time scales which were fed to storage systems.
The four decomposition schemes of wind power curve were listed in Table 4.2. The detailed
discussion were introduced in section 4.5.1.1 — 4.5.1.4. This section only discuss the dynamic
behaviour of LAES discharging units when a 1MW of power command is made at peak time.
The first power signal was input into the controller of the LAES discharging unit as the external
load. The power tracking error is defined as the difference between the external load signal and
the actual power output of LAES. Both the power tracking error and the turbine motor speed
of LAES were observed and compared, to obtain the time response characteristic of the LAES
discharging unit. The second power signal was fed into another fast-speed storage system
depending on its time scale.

Table 4.2. The four decomposition schemes of wind power curve

Wind power The first power component The second power component
decomposition scheme (energy content and frequency) (energy content and frequency)
1 ~99.7%, 0-0.03 Hz ~0.3%, 0.03-0.5 Hz
2 ~97.9%, 0-0.016 Hz ~2.1%, 0.016-0.5 Hz
3 ~96.4%, 0-0.008 Hz ~3.6%, 0.008-0.5 Hz
4 ~95.06%, 0-0.00375 Hz ~4.94%, 0.00375-0.5 Hz
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4.5.1.1 The first decomposition scheme and discussion
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Figure 4.11. The 1%t decomposition scheme of the wind power curve: (a) The power signal respond by LAES, (b) The
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Figure 4.12. The LAES response characteristic to the 1%t decomposition scheme: (a) The power tracking error, (b)

The rotor speed

From Figure 4.11, the wind power curve was decomposed and then reconstructed into
two components, the first one contains ~99.7% of low-frequency energy (0-0.03 Hz), and the
second one has ~0.3% of fast-frequency energy (0.03-0.5 Hz) and presents low power

magnitude (less than 50 kW). The low-frequency power component was responded by LAES
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by inputting an external power signal into the storage system. Figure 4.12 shows the power
tracking error and the varying turbine rotor speed of LAES. As shown by Figure 4.12 (a), due
to the change of air mass flow through turbines and the large inertia of turbine system, the
power output of turbine system cannot follow the corresponding input power signal well,
leading to many tracking errors and instant peaks. Meantime, it can be seen from Figure 4.12
(b) that the rotor speed was adjusted very frequently in order to adapt to the varying load curve,
which could cause significant mechanical fatigue. Thus, it is concluded that the LAES
discharging unit cannot follow the power curve at ~30s time scale, it would lead to the
instability of the system and reduce its longevity.
4.5.1.2 The second decomposition scheme and discussion

From Figure 4.13, the wind power curve was decomposed and then reconstructed into
the first component containing 97.9% of low-frequency energy (0 Hz-0.016 Hz) and the second
component having 2.1% of fast-frequency energy (0.016-0.5 Hz). When the low-frequency
power curve was responded by the LAES discharging unit, Figure 4.14 shows the power
tracking error and the varying turbine motor speed of the storage system. Compared to the first
decomposition scheme and the storage time-response characteristic, the tracking errors and
instant peaks (Figure 4.14 (a)) have been reduced but still obviously affect the system power-
following accuracy, which is still considered as unacceptable [246], especially when there exist
multiple start-up processes, as the start-up time of the unit is about 120 s. Similarly, the
frequency of adjusting rotor speed slows down (Figure 4.14 (b)), varying at a ~60s time interval.
Thus, it is concluded that the LAES discharging unit cannot follow well the power curve
varying at ~60s time scale. But to be noted, the power magnitude of the second wind power
component that responded by another fast-speed storage system increases greatly, the peak

power is around 300 kW.
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Figure 4.14. LAES time response to the 2" decomposition scheme: (a) LAES power tracking error, (b) LAES rotor

speed
4.5.1.3 The third decomposition scheme and discussion

From Figure 4.15, the wind power curve was decomposed and then reconstructed into
the first component containing 96.4% of low-frequency energy (0 Hz — 0.008 Hz) (Figure
4.15(a)) and the second component having 3.6% of fast-frequency energy (0.008-0.5 Hz)
(Figure 4.15(b)). Figure 4.16 shows the power tracking error and the varying rotor speed of the
LAES discharging unit. The number and magnitude of tracking errors and instant peaks are
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reduced remarkably seen from Figure 4.16 (a). The motor speed was controlled and adjusted
to be slower and smoother seen from Figure 4.16 (b), which can help reduce the turbine motor
fatigue. Thus, it is considered that the LAES discharging unit can follow the power curve at
100~120s time scale with limited minor tracking errors, it is due to that both the change of air
mass flow and speed adjustment match well with the corresponding turbine inertia, and can
adapt well to external load at such a time scale. Meanwhile, the 2" wind power component
responded by the fast storage system increases further, the peak power is around 400 kW, the

maximum storage capacity increases as well.

1100

T T T T T 500 T T T r T
— Wind power output/kW —— Wind power output/kW
1000 - 1 400 1
900 - 300
800 200 F
Z Z
2. 700 - 2 100 F
= ]
i 600 o 0
5} r 5
z z
o o
2 500 - -100
9 )
& £
= 400t = 200 F
300 -300
200 -400
100 1 1 L L L L L L _500 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900
Time/s Time/s
@) (b)

Figure 4.15. The 3™ decomposition scheme of the rest power curve: (a) signal feeds to L

AES, (b) signal feeds to fast-speed storage
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4.5.1.4 The fourth decomposition scheme and discussion
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Figure 4.18. LAES time response to the 4™ decomposition scheme: (a) LAES power tracking error, (b) LAES rotor

speed

Figure 4.17 shows the results when the decomposition time scale of the wind power
increases further. The partial energy responded by the LAES (95.06% at 0-0.00375 Hz) is
varying at a time scale around 260 s. The part of energy left for a fast storage system (5%) has
the peak power at around 450 kW. From Figure 4.18, it can be seen that the tracking errors and
instant peaks are almost removed (Figure 4.18 (a)), the existing error peaks are caused by the
sudden torque loaded at the start-up process, and the rotor speed can be adjusted more stably
and smoothly (Figure 4.18 (b)). Though LAES works more stably and its power following
characteristic is more accurate, the peak power and energy capacity of the fast-speed storage
increase to 450 kW and 810 kWh, it means higher battery cost as well.

Overall, the first and second decomposition schemes of the wind power curve present
high frequencies and small time-scale (< 60s) variations, due to large amount of power tracking
errors and instant peaks exist in the LAES response, it is considered that the LAES discharging
unit is not suitable for tracking the fast wind power component at time scale less than 60s. The
third and fourth decomposition schemes of the wind power curve show smoother variations

and lower frequencies. The corresponding power tracking errors and instant peaks of the LAES
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response have been reduced remarkably. It is considered that this LAES discharging unit can
respond well to the load power at a time scale ~ 120s. Meantime, it also indicated that it needs
another fast-speed storage system to respond to the fast wind power component when
integrating with wind farms. With the increase of the time-scale of the slow wind power
component, the residual power and energy left for the fast-responding storage system are
increasing as well. Thus, a combined LAES and fast-speed storage system is needed to achieve
a better integration with wind farms, the economic analysis about storage combinations with

different response time and power scale was discussed in section 4.5.2.
4.5.2 Storage combination scheme and economic comparison

Beside the LAES, battery is adopted to respond to the fast-changing wind power
component. Considering different wind power decomposition schemes (as discussed in section
4.5.1), different storage combination scenarios (listed in Table 4.3) were proposed to respond
to different wind power and energy magnitudes. An economic analysis was conducted to
compare different combined storage systems. To facilitate this, it was assumed this piece of
wind power curve (800 s) repeats every day in a whole year, a peak power command (1000
kW) is requested at daytime which needs the discharging power from the storage system, an
off-peak power command (400 kW) is requested at night which can charge the storage system.

Table 4.3. Different storage system combination and their power and energy capacity

Minimum Time sc_ale Battery LAES L Dischargin ~ Running
. . of the fist Charging time . )
Scenarios wind wind power power  power per day(h) gtimeper daysina
power/kW component KW KW day(h) year
Battery 110 \ 900 0 12 12 330
ST 80 1255 400 950 12 12 330
atteryl
LAES2 + 250 260 s 450 750 12 12 330
Battery?2
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From Table 4.3, the first scenario only considered a battery storage to compensate the
decrease of wind power, the needed battery power is 900 kW (obtained from Figure 4.9). The
second scenario was based on the third wind decomposition scheme (Figure 4.15(b) and Figure
4.16(a)), with the time scale of the first wind power component varying at ~100-120 s, the
storage system consists of a 950 kW LAES system and a 400 kW battery system. The third
scenario was based on the fourth decomposition scheme (Figure 4.17(b) and Figure 4.18(a)),
with the time scale of the first wind power component varying at ~260 s, the storage system
consists of a 750 kW LAES system and a 450 kW battery system.

The cost models of LAES subsystems are given in Table 4.4, including the charging
unit, discharging unit and storage unit. Various battery technologies commonly used are
introduced in Table 4.5 and Table 4.6. The types including lead-acid battery, Li-ion battery and
Vanadium redox flow battery were chosen for the economic analysis due to their quick
response time, high efficiency and low self-discharge. As the batteries’ costs were obtained in
2015, around 50% of cost reduction have been seen by 2021 [247]. The scale learning rate of
battery storage technologies was estimated at around 18.5% [248].

Table 4.4. The components cost model of LAES [55,249]

Components Cost models Notes

Charging unit k$, P, — charging power, MW

P
11406 * (%)0-6

Discharging unit 5653 (Pli(i)s)o_G k$, P, — discharging power, MW

Storage unit k$, Py, — stored energy, MWh

E
1778 x (52)°°

The economic analysis and comparison of different storage combinations were
conducted considering the annual expenditure, including the amortized capital power and
energy cost, as well as the annual operational and maintenance cost and battery replacement

cost. The results are shown in Figure 4.19. When the storage system is integrated with a 1 MW
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of wind farm (Figure 4.19 (a)), for lead-acid battery, the annual cost of the solely battery case
is comparable with another two hybrid storage systems due to the lower power and energy
capital cost of this kind of battery. For Li-ion battery and flow battery, the solely battery case
presents the highest annual cost, of which the annual costs triple and double those of
the ’LAES1+Battery 1° case (a 950 kW LAES integrated with a 400 kW battery). When the
wind farm scale increases to 10 MW (Figure 4.19 (b)), the solely battery scenario is always the
highest investment for three kinds of batteries, the cost advantages of another two hybrid
storage systemsare more obvious, which are around one third times of that of solely battery
case. Compared two hybrid LAES-battery storage systems (’LAES1+Battery 1° and
‘LAES2+Battery2’) both for | MW and 10 MW of wind farms, they present similar cost-
effectiveness, but *LAES1+Battery 1° case performs better in in terms of its technical
advantage, as it presents faster power-following characteristics which match well with the unit

start-up time and system inertial.
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Figure 4.19. The economic comparison of different storage combinations
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Table 4.5. The technical details of commonly used batteries [247][250][251]

Energy capacity Power Discharge Overall Self-discharge o
Battery type Wh/kg range/MW  time/ms-h efficiency DOD per day/% Applications
Lead-acid 30~50 Up to 20 s-h 70%~90%  40%-50%  0.1-0.3%  Cneraytime-shift, power quality,
UPS, spinning reserve
Na-S 150~230 0.05-8 s-h 75% ~ 85% 30% - 40% 20% Power time-shift, power quality,
Ni-Cd ~55-75 Up to 40 s-h 60% ~ 73% 10% - 30% 0.2~0.6% Power quality, emergency reserve
Li-ion 150~350 Up to 10 ms-h 85% ~90%  30% - 40% 01-0.3%  reduency regulation, power
quality, renewable integration
Vanadium redox ~10-35 0.03-100 s-10h 65% ~ 85% 0-10% ~0.1% Peak shaving, renewable integration
flow battery
Table 4.6. The economic details of commonly used batteries [247][251][252]
Power cost Energy cost Fixed O&M  Variable O&M  Replacement . Expected
Battery type $/kW $/kWh (€/KW-yr) (€/KW-yr) costs (€/kW)  -iTe cyeles lifetime
Lead-acid 465 618 3.4 0.37 172 2500 15~20 years
Na-S 366 298 3.6 1.8 180 2500 - 4500 15 years
Ni-Cd 239 780 11 0.6 525 2000-2500 8 years
Li-ion 463 795 6.9 2.1 369 10,000 5~15 years
Vanadium redox 490 467 85 0.9 130 13,000 5~15 years
flow battery
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4.5.3 The dynamic behaviour of LAES with wind farm

From the analysis and comparison in section 4.5.1 and section 4.5.2, the LAES system
would be a cost-effectiveness storage option in terms of its response time (~120 s) and
investment cost when it serves to compensate the wind power deficiency, the changing trends

of key parameters of the LAES discharging unit are presented in Figure 4.20 - Figure 4.22.
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Figure 4.20. Temperature profiles: (a) low-temperature evaporator; (b) re-heaters

Figure 4.20 (a) shows the temperature profile in evaporator. Liquid air is heated by hot
air in evaporator, its temperature increases from 103 K to 171.3 K, taking ~120s to reach the
steady state due to its large specific heat capacity. But it takes shorter time (~ 70s) for hot air
to reach the steady state (113 K) due to its low specific capacity. There is a temperature peak
for liquid air, it is due to the large variation in liquid air specific heat capacity (1.8 — 2.9 kJ/kg.K)
and density (280 — 870 kg/m?®) at low temperature range (78 K — 188 K), as well as the large
initial temperature difference between two fluids, leading to a sudden temperature increase for
cold fluid and a decrease for hot fluid. For the temperature profile in re-heater in Figure 4.20

(b), liquid air has turned into gaseous state, its temperature increases quickly to the steady state
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(339.5 K). The hot water cools down from 343 K to 311.4 K, its temperature decrease is small

due to its large heat capacity (4.2 kJ/kg.K).
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Figure 4.21. The turbine torque and mass flow rate profile: (a) Turbine torque; (b) Air mass flow rate

From Figure 4.21 (a), there is an external load torque signal that is input into the unit
controller after the LAES system starts up. In order to keep a constant generator speed, the PID
controller delivers the control signal to adjust the opening rate of the inlet valve (0-100%),
leading to the variation in air mass flow rate (0-1.6 kg/s) through turbines (Figure 4.21 (b)).
Accordingly, the turbine output power and torque are adjusted to follow the input power and

torque variation, though there are some tracking errors existing (Figure 4.21 (a)).
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(@)
Figure 4.22. The turbine pressure and temperature profiles: (a) the valve and turbine outlet pressure; (b) the turbine

inlet and outlet temperature

Figure 4.22 (a) shows the system pressure variation. For the valve, it is closed at first,
the valve outlet pressure increases near to its inlet pressure when it opens, and then decreases
to a lower valve when the valve opening rate is reduced. For the turbine, its outlet pressure
decreases to ~25 bar when it works under the rated conditions, and then goes up to a higher
value (at ~ 35 bar), as the expansion ratio is reduced when it worked under off-design
conditions. For turbine temperature profile (Figure 4.22 (a)), its inlet temperature keeps
constant when the system reaches steady state after ~120s, while the outlet temperature varies

between 295 K and 315 K depending on its working conditions and expansion ratio.
4.6 Summary

This part of work has studied the dynamic behaviour and response time of the LAES
discharging unit when integrated with wind power. The dynamic models of LAES components
and the system were built and validated based on the experiment results. The empirical wavelet
transform technique was adopted to decompose the wind power curve into high-frequency and
low-frequency components, which were fed to storage technologies with different response
time. For the LAES discharging unit, a PID controller was integrated to control the unit to
respond to the power command when wind power is insufficient. Finally, the economic
advantages among the different combined storage schemes with LAES and battery
technologies were compared. The major results are presented as the followings:

a. The component- and system-level dynamic models of LAES system were established
and simulated to understand its practical operational behaviour and control strategy. For a 300

kW LAES discharging unit, its response time was validated as ~130s by experiment results
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from a 300 kW pilot LAES plant. Its dynamic characteristics interacting with wind power can
be clearly captured.

b. When a LAES discharging unit serves to smooth the varying wind power, different
wind power decomposition schemes and power following tests demonstrated that the LAES
discharging unit is more suitable for responding to the wind power component varying at a
time scale more than its start-up time, which leads to less power tracking errors and smoother
speed adjustment, as well as less turbine motor fatigue.

c. The economic comparison among different combined storage schemes indicated: 1)
The annual cost of full battery storage is higher than that of the combined LAES and battery
storage system for wind farms; 2) For a combined storage system, Lead-acid battery is more
suitable for small-scale wind farm, VR flow battery is more suitable for large-scale wind farm,
Li-ion battery is more expensive than other two battery technologies; 3) The larger the wind

farm, the more obvious the economic advantages of the combined storage system.
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5 The optimal design and operation of a hybrid
renewable micro-grid with the decoupled liquid

air energy storage

5.1 Introduction

5.1.1 Literature review

5.1.1.1 Hybrid renewable energy system design methods

Recent years have seen a growing interest in developing distributed hybrid renewable
energy systems (HRESS) [253]. Such systems combine conventional generators with renewables
to reduce carbon dioxide emissions. A few studies have investigated HRESs at different scales by
using different methods. Based on a concept called ‘energy hub’, Geidl et al. [121] proposed a
general steady-state modelling and optimization framework, involving the conversion,
transmission and storage of energy with multiple carriers. Good et al. [254] proposed a modular
techno-economic model to study the physical and commercial interactions of different energy
vectors within the HRES. Ayele et al. [255] developed a load-flow model based on an extended
energy hub approach, and used a nested particle swarm optimization (NPSO) algorithm for the
optimisation. Buonomano et al. [256] designed a new HRES and carried out a techno-economic
analysis in the TRNSYS (Transient System Simulation) environment. Zakeri et al. [158] adopted
the EnergyPLAN to investigate the maximum penetration ratio of different renewables and the
optimal combination of different technologies. A new methodology for designing an off-grid
hybrid PV-diesel-battery system was developed by Mokhtara et al. [257], which combines demand-
supply management (DSM) with particle swarm optimization. The results showed that PV-Li-ion
was the optimal configuration, which could achieve 19% and 57% reduction in energy consumption

and CO2 emissions respectively. An overview about the design methodologies, components sizing
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and economic indicators of HRES was provided by Lian et al. [258], pointing out that the hybrid

methods are the most promising ones for designing HRES.
5.1.1.2 Hybrid renewable energy system with energy storage

As mentioned above, energy storage is essential for supporting the operation of HRESS.
A number of studies have discussed the integration of different energy storage technologies
with HRESs. This includes the PHES, CAES, LAES, the thermochemical and electrochemical
energy storages. Djelailia et al. [184] studied an HRES with PHES, it showed the effectiveness
of hydroelectric storage in irrigation, power dispatch, fuel-saving and CO2 emissions. De Bosio
and Verda [259] investigated an HRES with CAES. The thermo-economic analysis indicated
that the hybrid system would be cost-effective only when used to solve the grid imbalance.
However, PHES and CAES considered in the studies have geographical limitations. Gabrielli
et al. [195] proposed a MILP-based model to optimally design a HRES with hydrogen storage,
but this technology has a low technical maturity. Martinez Cesefa et al. [260] conducted a
techno-economic analysis of a micro-grid with battery storage and thermal energy storage
(TES). The storage technologies can provide energy, reserve, and reliability services
simultaneously, but the flexibility value of storages was not considered. A comprehensive
analysis of a novel system combining LAES and TES was conducted by Nabat et al. [261]. The
system can obtain both high energy efficiency (61.1%) and exergy efficiency (52.8%), as well
as a promising pay-back period of 3.91 years. Mazzoni S. et al. [262] developed an MILP
dispatch model to compare the economic performance of LAES and battery (300-2000 kwh),
but the model cannot perform the optimal system design with LAES. Xie et al. [71] assessed
the economic value of a decoupled LAES system when participating in the UK electricity
service markets. It showed that a large-scale LAES with high-grade waste heat (>150 °C)
would be profitable, but the detailed technical data of LAES was not taken into account. Vecchi

et al. [221] conducted a techno-economic analysis of a standalone LAES system within the UK
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electricity markets, considering the off-design operation. They also investigated the techno-
economic value of LAES to supply electricity, heating and cooling functions simultaneously.
The vector-coupling capability of LAES was capable of achieving a 35% of increase in energy
efficiency and a 8-12% of decrease in system operational cost [86]. However, the interactions

of the gird-scale LAES system with other power generators were not studied.
5.1.2 Research aim

From the above review, one can see little work has been done on the integration of
LAES with hybrid renewable micro-grids (HRMGSs), nor on the specific value streams of this
storage technology in HRMGs. This makes it difficult to understand whether the deployment
of LAES in distributed HRMGs would be feasible and valuable. This part of work focused on
investigating the key role and optimal selection of LAESSs to support future distributed HRMGs.
The major novelties of this work lie in the following four aspects:

e The decoupled off-design LAES model was developed, which can adapt to the
fluctuating renewables and variable user demands, as well as can achieve the optimal
selection of LAES units in a HRMG by using the MILP algorithm.

e The optimal charge and discharge energy to power (E/P) ratios of LAESs were studied
for the first time when providing different electricity services. It enables preliminarily
determining the LAES capacities when providing the arbitrage, renewable firming and
operating reserve functions.

e The multiple functions and revenue streams of LAESs in supporting HRMGs were
identified for the first time, which were split into different compositions. The
interactions among different value streams were also discussed and compared with
those of the battery storage.

e The optimal design and operation of a HRMG with the decoupled LAES by using the

hierarchical MILP formulation was achieved. The optimal sizes and operational states
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of the decoupled LAES units and other generators in HRMGs can be determined, to

incorporate a large portion of renewables with the minimum cost and environmental

impact.

This part of work is structured in the following manner. Section 5.2 describes the
components’ model and parameters. Section 5.3 introduces the input profiles and related input
parameters. Section 5.4 presents the MILP methodology and modelling methods. The major

results are explained in Section 5.5. Finally, conclusions are drawn in Section 5.6.

5.2 Case study and input definition

5.2.1 Hybrid renewable micro-grid

A future hybrid renewable micro-grid (HRMG) for the University of Birmingham
campus is proposed as the case study, as shown in Figure 5.1. It is to help achieve an

independent demand supply with simultaneous economic savings and COz2 reductions.
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Figure 5.1. Future HRMG scheme for the campus

The future HRMG is an assumed case study, it aims at reducing at least 50% of CO2
emissions on the 2016 level at the lowest cost as the first-stage transition. The system is connected
to the national grid and gas pipelines. It is composed of conventional technologies, like CHPs
(combined heat and power technology), boilers and heat pumps (HP); and renewable-based

generators, including wind turbines, solar PV and concentrated solar power (CSP); as well as
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energy storage systems (ESS), like LAES, battery, heat storage and cold storage. The optimal
design and operation framework of the HRMG is formulated as a hierarchical MILP model, in

which LAES serves as one of the major electricity energy storages.
5.2.2 Micro-grid components models

The LAES is composed of three major sub-systems, the LFU, the air storage tank and
the PRU, shown as in Figure 5.2. The decoupled LAES model was developed, in which the
models of the LFU, PRU and storage tank were built separately and explained in detail in
section Al.1 of the supplementary material. The models considered the off-design operation
and RTE, the varying power consumption and production, as well as the decoupled costs of
subsystems, to achieve cost-effectiveness and practical assessment. The nominal operating
parameters of the LAES are presented in Table 5.1, with the optimal parameters chosen on the

basis of thermodynamic analysis results reported by She. et al. [212].
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Figure 5.2. The decoupled LAES system

Table 5.1. LAES nominal operating conditions [212][44]

Nominal parameters value
Charging pressure/MPa 9
Discharging pressure/MPa 12
Turbine inlet temperature / °C 195
Liquefaction rate 70%
RTE 52.5%
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Compressor efficiency 89%

Turbine efficiency 90%
Cryo-turbine efficiency 80%
Intercooler effectiveness 95%

Compression enthalpy kJ/kg 193.00
Expansion enthalpy kJ/kg 145.00

In the HRMG, other components, including the gas engines, heat pumps, electric
chillers, gas boilers, battery, solar PV and wind turbines contributed to providing energy for
the campus micro-grid as well. Their models and key parameters were explained in section

Al.2- section A1.3 of the supplementary material, summarized as in Table 5.2.

Table 5.2. Technical and economic parameters of other system components

O&M cost —
Life % of
Components Efficiency time/years Capital cost/E CAPEX
Gas engine 86% (total) 15 6962.5 x Pr—0-164 [kw 5%
Gas boiler 85% 20 80/kwW 2%
Electric chiller 2.8 15 1164.2 - P.7%28% [kw 1.5%
Heat pumps 0.0329*Tamy+2.0012 15 1319.4 - P.7%-268 jkw 1.5%
i P _
comﬁrlgssor 85% 30 Costeo (P_CO) o 1%
Py
Air turbine 85% 30 Costro(p ™" 1%
Liquid air tank / 30 44/kKWh 1%
Solar PV 16.67% 30 900/kW 3 lyear/kW
Wind turbines / 30 1300/kW 7.5/year/kW
Battery 95% (charge/discharge) 10 420/kWh 2%
Heat storage ~ 95% (charge/discharge) 20 10/kWh 2%




5.2.3 Demand profiles

x10*
1.8
| weekly electricity demand(kWh) [
13000 weekly cooling demand(kWh) L7
12000 weekly heat demand(kWh) 1.6
11000 - 1
1.4
10000 A /\ 3 =
= -1
Z 9000 - L Z
= | 23
o) 8000 7 “ L ] 1 <
g \ “ ‘ -k
o 7000 A ‘ r1 ©
z A | 5
£ 6000 - (Y [\ oo 2
2 “ >
S 5000 1 V08 X
2 5]
[5) L
4000 1 1 07 =
0.6
3000 A 0
0.5
2000 A W q n L 04
1000 A H ‘ \ Lo
0 T T T T T T T T T T T T

0 48 96 144 192 240 288 336 384 432 480 528 576 624 672
Representative hours in a year(h)

Figure 5.3. The electricity/heat/cooling demands in campus for four representative weeks

The campus of the University of Birmingham was chosen as the case study. Considering
the significant complexity and calculation load caused by full-scale optimization, the hourly
profiles in four representative weeks in a year are chosen to represent four separate seasons. The
profiles include: 1) the electricity, heating and cooling demands (shown in Figure 5.3); 2) the solar
and wind capacity factors; 3) the ambient temperature and unit-rate electricity prices. The methods
to choose the representative data and profiles are illustrated in the section A2 of the supplementary
material. The annual operational cost and revenue will be calculated by multiplying a weight factor

(13) based on the simulation results of the representative weeks [260].

5.2.4 Other input parameters

The campus micro-grid interacts with the national electricity grid, gas network, and
other stakeholders. The input parameters of the model were explained in the section A2.2 of
the supplementary material, summarized as in Table 5.3, including the retailing gas prices,
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renewable incentives, carbon emission factor and tax, loss of power and curtailment penalty,
the search space of variables, and the performance indicators.

Table 5.3. Model other input ‘environment’ parameters

Components Parameters Data Unit
1.04 (summer?) / 1.37
Gas bill rates ('springt) / 2.22 p3/kWh
Energy bill (winter?)
o -12 ~ 120 (valley? ~
Electricity bill rates peak?) p/kWh
Renewable heat 2.69 p/kWh
Incentives Solar PV 1.78 p/kWh
Wind power 0.88 p/kWh
Wind curtailment penalty 80 £/MWh
Penalty
Loss of power penalty 17000 £/MWh
NG CO; emission factor 185 kg/MWh
CO related .
Carbon price 18 £/lton
Loss of load expectation (LOLE) 3 hours/year
Reserve related
Reserve charge 0.83 £/kW

Notes:
1. ‘summer /spring/winter’ means the respective electricity price at each season.
2. ‘valley/peak’ means the electricity prices at valley and peak time.

3. ‘p’ means pence.

5.3 MILP formulation for micro-grid

5.3.1 MILP algorithm description

The optimal design and operation framework for the micro-grid was formulated as a
hierarchical MILP model. It includes two levels, namely the upper design level and the lower
operational level. The variables include: the binary variables to represent the selection value,
integer variables represent the selected number, and continuous variables to represent design
capacities and operational parameters. The model can be described in a general form in eq. (5.1)-
(5.3) [195].

min(c'x + dTy) eq. (5.1)
Ax+By=b eq. (5.2)
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x>0€ RV~,y €{0,1}" eg. (5.3)
where, X represents continuous variable vector, y represents binary variable vector, A and B are
the corresponding constraints matrices, and b is the constraint known-term vector; Nx and Ny
represent the dimensions of x and y. ¢ and d represent the cost matrices for continuous and
binary variables.

5.3.2 Decision variables
The decision variables are divided into three categories:
i. Design variables, including the selection value (S € R'), selected number (N € Z'er),

and rated sizes of system components (Des.,, € R'er) and storage devices (Desgsy € RIST).

ii. Operational variables, including on/off status (of € {0,1} Te»*T), operating modes
(M € {0,1} Ter*T), on/off number (of _num € Z Ter*T) input and output power (P;, €
R™T P,.. € R™*T), as well as the storage level of storage technologies (SOC € RIs7>T), and
the imported electricity and natural gas energy (P, € RT, Py; € RT).

iii. Auxiliary variables, which are used to linearize non-linear terms, and to combine

design variables and operational variables (Ax € Rler>J>T),
5.3.3 Bounded constraints

In the MILP formulation, the constraints of the problem in this study were distinguished
as four categories, technical constraints, operational constraints, economic constraints, and
power balance constraints. Here, only the storage system and power balance constraints are
given, the rest of constraints can be found in the section A3.1.2 of the supplementary material.

e Storage system

The energy storage system (ESS) in this study was divided into two categories, namely

the coupled and decoupled ESS, which are represented by the battery and LAES and their

respective models.
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e Coupled battery model

The coupled battery model considers the storage as a whole, and its constraints are

expressed as in eq. (5.4) —eq. (5.5).
- Pc-i'—is pat'At
Ebat(t) = Ebat(t -1+ Ncha * Pcha,bat At — T €q. (5.4)

Epatmin < Epat(t) < Epatmax eq. (5.5)
where, E — the stored energy (kWh), n — efficiency, At — the time interval, the subscripts
including: bat — battery, cha — the charging process, dis — the discharging process, max — the
maximum value, min — the minimum value, the superscripts including: ‘-* the input power into
storage, ‘+’ the output power from storage. Thermal storage is modelled in a similar way.

e Decoupled LAES model
The decoupled LAES model includes the major models of the compressors, turbines
and air tanks. The relationships between air mass flow rate, pressure, and power input/output
of compressors and turbines are linearized to keep the linearity of MILP formulation. The
ramp-up and ramp-down rate, as well as the minimum online and offline time of compressors

and turbines are formulated in a similar way to those of gas engines.

Compressors
Pc(t) = k¢ - mic(t) + C1 eq. (5.6)
0< Pc(t) < ofc(t) Py eq. (5.7)
Turbines
Pry(t) = kry - miy (£) + C2 eq. (5.8)
0 < Pre(6) < 0frr () Prryr eq. (59)
0 < ofc(t) + ofpr () <1 eq. (5.10)

Liquid air tanks

my (t) = my (t — At) + mc(t) - At — mp(t) - At eq. (5.11)
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Mg min < Mg (t) < Migmax eq. (5.12)
where, k¢! k- — the slopes of the regression curves of compressors/turbines, C1/ C2 — the
intercepts of the regression curves of compressors/turbines, Pc / Py, — the power consumption
of compressors/turbines, ofc / ofr,— the on-off status of compressors/ turbines, m — the mass
of liquid air in tank, m. / my,. — the air mass flow rates of compressors and turbines, r- the
rated parameters.

e Power balance constraints

The power and thermal demand and supply should be balanced at each time step,

expressed as eq. (5.13) — (5.15).
Pop(t) + Byy(t) + Pye(t) — Peyrewt(t) — Penapat(t) + Paispar(t) —
Pehac + Paistr(6) + Pos(t) + Pyrig(t) — Pup(t) — Ppc(t) = Ppee(t)eq. (5.13)
Pyp(t) + Pgp(t) + Prege(t) — Pengne(t) + Paispe(t) = Pppe(t) eq.(5.14)
Pec(t) + Pyp(t) = Ppcoi(t) eq.(5.15)

where, symbol P — power, the subscripts represent. GE — gas engine, pv — solar panels, wt —
wind turbines, los — the loss of power, grid — the grid electricity, HP — heat pump, EC — the
electric chiller, L — load, ele — the electricity, ht — the heating, col — the cooling, curt- the
curtailed wind, t — the time t.
5.3.4 Optimization objectives

The study aims to minimize the total annual system cost and environmental impact,
expressed as in eg. (5.16). The objective terms include: the annual equipment capital cost
Cept,tot» the operational cost C,,;,, the maintenance cost Cp, 4, the CO2 emission tax Ceop,, the
renewable curtailment cost C.,,- and the cost penalty C,,p for loss of power (LOP). At the

same time, it manages to increase the renewable penetration by maximizing renewable
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incentives C;,.. Detailed description of each optimization objective can be found in the section
A3.1.3 of the supplementary material.

Cann,tot = Ccpt,tot + Cop + Chain +

eqg. (5.16
CCOZ + Ccur + CLOP - Cinc} q ( )

min{

The commercial software, including MATLAB, YALMIP, and Gurobi, were combined

to conduct the simulation in 1-h resolution rolling-horizon. The MILP relative gap (between
0.001-0.02) is used as the convergence criteria. The gap range considers the trade-off between
calculation complexity and time consumption. The computer is configured with an Intel (R)

CPU i5-6500 3.2 GHz (4) and 8 GB RAM. Besides, the scaling and various parameters tuning

methods were used to speed up the simulation process.

5.3.5 The methodology
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Figure 5.4. The methodology and framework of this work

The methodology of the work is shown as in Figure 5.4. In the MILP design and
operation framework, different system components, such as CHPs, wind turbines, solar panels,

heat pumps and heat storage (Heat store) etc., have been included to provide the corresponding
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energy for different networks (electricity, heating and cooling) within the micro-grid. There
are two types of micro-grids developed for the discussion. A simplified micro-grid that only
involves electricity network is to study the optimal E/P ratios and sizes of LAES by using
exhaustive method. A complete micro-grid involves electricity, heating and cooling networks
simultaneously. It is developed to understand the storage value in a comprehensive manner,

and eventually to achieve the optimal design and operation of the whole micro-grid.

5.4 Results and discussions
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Figure 5.5. The logic and structure of discussion part

In this part, the results’ discussion is structured as shown in Figure 5.5. The optimal
E/P ratios and sizes of LAES were obtained by using exhaustive method in section 5.4.1. Then,
the obtained LAES sizes were input into section 5.4.2, to analyse the storage value with storage
cost being added exogenously. After the storage value streams were identified clearly, the
optimal design and operation (Des & Opt) of the HRMG with the decoupled LAES and

endogenous storage cost were determined in section 5.4.3.
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5.4.1 Optimal E/P ratio of LAES

The E/P ratio is the ratio of stored energy (kWh) and the rated charge/discharge power
(kW), termed as charge/discharge (Cha/Dis) E/P ratios. For the decoupled LAES, when
keeping the rated energy capacity (6 MWh) constant, increasing charge/discharge E/P ratios
results in smaller LFUs and PRUs with higher specific costs and longer working durations.
ROI is the ratio of net profit and investment cost. It is used to quantify the effects of different

E/P ratios of LAES on system economics, higher ROl means better cost-effectiveness.
5.4.1.1 Optimal E/P ratios for energy arbitrage

A simplified micro-grid that only considers the electricity network was assumed as the
case study. The LAES is deployed to help conduct the electricity price arbitrage, which is
capable of storing electricity at bottom prices and releasing the energy at peak prices to save

electricity fee.
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Figure 5.6. Effects of different Cha/Dis E/P ratio on system ROl when achieving energy arbitrage
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Under different discharge E/P ratios (curves in Figure 5.6), the arbitrage revenue and
ROI decrease when the charge E/P ratios are more than 4h. It is due to that smaller charging
units cannot fully capture the low-price electricity to charge the storage tank to full, though
they bear lower capital costs. This results in fewer charge and discharge cycles in a year, thus
less arbitrage revenue and lower ROI. While larger discharging units are preferred to capture
the highest prices to release the stored electricity and to save more electricity fee, but their
specific capital costs are far lower than those of charging units. Indicated by four marks in
Figure 5.6, keeping the charge/discharge E/P ratios (4/1) constant, the ROI goes up first and
then decreases when the sizes of LFU and PRU increase with higher energy capacity of LAES
(3/6/10/12 MWh). It can be explained as the value of LAES in the micro-grid has saturated,
the capital cost of the larger-scale storage cannot be offset by its revenue. In other words, there
exists the optimal sizes of charge/discharge units and storage capacity of LAES for a given-

scale micro-grid, which can achieve good cost-effectiveness.

5.4.1.2 Optimal tank sizes for energy arbitrage
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Figure 5.7. The effects of tank sizes on system economics

The effects of tank sizes (tons) on system economics were studied as well when keeping
the sizes of liquefiers and turbines constant, shown in Figure 5.7. Take 3MWh, 6MWh, and 10
MWh of LAESs as the cases, the matching tank sizes can only hold the liquid air produced by
LFUs during the rated charging hours (the rated charging E/P ratio 4/1). Figure 5.7 shows that
there exists an optimal tank volume for LAES with specific sizes of liquefiers and turbines, which
is two to three times of the matching tank size. It is due to that much larger reservoir cannot be
filled to full in the charging process. Thus, the extra investment on larger storage space cannot be
counterbalanced by its extra arbitrage profits, which is consistent with the results of Vecchi et al.
[249]. Together with the results in section 5.4.1.1, in terms of arbitrage function provided by LAESs,
the discharge power at about half of the maximum electricity demand of micro-grids produces
better ROI. Accordingly, the storage system presents the optimal charge E/P ratio (8~12 h) and
discharge E/P ratio (2~3 h).

5.4.1.3 Optimal E/P ratios for wind firming

When the simplified micro-grid is powered by wind energy (about 50%) and electricity
from the grid, the LAES plant is deployed to help achieve wind stabilization. The benefit earned
by the LAES is defined as the sum of the avoided curtailment penalty and wind power
incentives, the ROI curve is shown in Figure 5.8.

It can be seen that it is not favored to choose a larger PRU when keeping LFU size (3
MW) constant (the left bar group), as it contributes less to absorbing extra wind power, but
results in the decrease of arbitrage revenue and ROI. Further, it is due to that the turbines work
more often at part-load conditions to avoid wind curtailment, thus cannot fully capture the
peak-price electricity to release more stored power and reap more profits. However, if keeping
the PRU and matching tank size constant, larger LFUs help absorb more wind power, to avoid
wind curtailment and increase arbitrage benefits as well (the middle bar group). It is due to that
more free wind energy can be captured quickly by larger LFUs and then stored in the form of
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liquid air, but higher capital costs of larger LFUs worsen the system economics (blue curve in
Figure 5.8) . Meanwhile, if the matching tank sizes are enlarged by 2-3 times, more extra wind
power can be captured and more arbitrage profits can be reaped (the right bar group: ROI 12.4%
(matching tank size) to ROI 18.9% (3 times of tank size)). However, an even larger tank (4
times) cannot be charged to full and produce more benefits due to the intermittency of wind
energy. Thus, for a LAES with 3 MW LFU and 3MW PRU, the optimal charge and discharge

E/P ratios are 12 and 6 h when used for wind firming.
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Figure 5.8. Effects of Cha/Dis E/P ratio on LAES revenue and ROl when wind curtailment occurs

5.4.1.4 Optimal E/P ratios for operating reserve

LAES can serve as the secondary upwards reserve (capacity margin for upward
regulation) [263].The reserve benefits of LAES was assessed by comparing the avoided penalty
of loss of power between systems with and without the operating reserve. The effects of

different sizes of LAES plants, namely smaller (0.6/3 MW LFU/PRU), medium (3/3 MW
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LFU/PRU), and larger (3/6 MW LFU/PRU) ones, on three revenue streams were studied

(shown in Figure 5.9).
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Figure 5.9. Total revenue of LAES with different Cha/Dis E/P ratio

From Figure 5.9, it can be seen that the reserve benefits (a major revenue source) of the
LAES are not affected by the increasing capacities of units (blue bars from left to right), as the
required reserve level can always be met by adjusting the charge and discharge durations
(smaller units is charged for longer charge durations, while larger units for shorter charge
hours). But the benefits from wind firming and arbitrage are boosted instantly with units’ sizes
enlarged (orange and yellow bars from left to right), as larger LAES units are capable of
absorbing more low-price electricity and wind energy to keep the reserve level (the LAES
capacity is reserved to be no less than 15% of electricidy demand). This leads to more
environmental benefits but also higher capital costs and worse system economics (the blue

curves). Thus, in the simulated case, the medium LAES (the middle bar group: 3/3 MW
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LFU/PRU, Cha/Dis E/P ratio 12/6 h) are chosen to balance the cost-effectiveness and to
increase the percentage of wind power as well.
5.4.1.5 Effects of LAES efficiency on the E/P ratio

In the above cases, the nominal RTE of the LAES is 0.52 under the assumed conditions,
but there is still much headroom for the efficiency improvement. Thus, the effects of RTE of
the LAES (3/3 MW LFU/PRU, Cha/Dis E/P ratio 12/6 h), improving from 0.5 to 0.6 and 0.7
[59], on the value streams were studied in this work (shown in Figure 5.10).
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Figure 5.10. Effects of LAES nominal efficiency on economics

From Figure 5.10, it suggests that the reserve revenue (blue bars) is not influenced by
the efficiencies, but the arbitrage revenue (yellow bars) instantly benefits from higher
efficiencies of the LAES. It is due to that less electricity needs to be bought from the grid, while
more power can be released by PRUs to make the most of price differences. But for higher
efficiencies, wind firming revenue decreases slightly (orange bars), because the storage level
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of liquid air tank increases quickly to full, the spillage of wind energy occurs. Overall, 10%-
20% of efficiency improvement results in nearly 2%-3% of enhancement in economics. One
of the reasons lies in the lower off-design RTEs of the LAES, which are 41.8% (rated RTE:
52%), 47.9% (rated RTE: 60%) and 56.9% (rated RTE: 70%) respectively. Because the PRUs
normally work under off-design conditions to provide enough operating reserve, as well as to
avoid wind curtailment.

Based on the exhaustive analysis in section 5.4.1, the cost-effective sizes of LAES units
for the simplified micro-grid are determined preliminarily to achieve higher ROI. The sizes are
3 MW LFU and 3 MW PRU, as well as the optimal charge and discharge E/P ratios are 12 h

and 6 h, and the rated RTE is 0.6.
5.4.2 Optimal design of a micro-grid and energy storage value

In this section, the benefits (value) of LAES, battery storage, and heat storage in a
complete micro-grid with various generators were discussed. To be noted, the capacities and
costs of LAES and battery were added to the system exogenously before their value streams
are fully understood. The model has been validated by comparing the results with Sigarchian
et al. [264]. The author adopted the PSO algorithm to determine the optimal sizes of major
components in a poly-generation system. The results’ comparison was shown in Table 5.4, which
confirmed the validity of the MILP design framework in this study. The reason why there is a big
difference in the sizes of electric chillers was that the capacities of candidate chillers in the MILP
algorithm were in discrete form (200 kW, 500 kW, 800 kW), three chillers with 500 kW each were
chosen after the MILP optimization.

Table 5.4. Optimization results comparison

Major system units Capacity by PSO Capacity by this MILP
algorithm algorithm
CHP unit kW 1000 1000
Boiler kW 2721 3000
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Electricity from/to grid kWh 100 113
Electric chiller kw 1100 1500
Heat storage kWh 3000 3000

5.4.2.1 Optimal design of a micro-grid with storage
To achieve the optimal design of a micro-grid, five basic system scenarios were
developed and compared, of which candidate equipment is given in Table 5.5 and the design

result is shown in Figure 5.11.

Table 5.5. System components candidates

System components 0# 1# 2# 3# 44 5#
grid v v v v v v
gas boilers 4 v v v v v
electric chiller v v x x x x
gas engines x v v v v v
heat pumps x x v v v v
solar PV x x x v v v
wind power x x x v v v
heat storage(HS) x x x x v v
LAES x x x x x v

0 # system is the conventional campus energy system, 1# system is the existing energy
system after 2016, 2# ~ 5# systems are newly-developed hydrid renewable energy system.
From Figure 5.11, solar panels cannot be chosen after the optimization due to the scarce solar
energy resource in the UK and its high capital cost. Comparing 1 # and 2 # systems, if electric
chillers and part of gas boilers are replaced by reversible heat pumps (HPs), the total annual
cost decreases by 18.7%, in which the fuel cost and CO; tax drop by 17.7% and 8.2%
respectively due to the higher efficiency of HPs (averagely 2.83). Comparing 2 # (comparison
base), 3 # and 4 # systems, more wind penetration adds more system capital cost by 37.5% (3
# . wind share 17.8%) and 56.2% (4 # : wind share 33.74%). But the respective fuel costs and
CO2 emissions decline by 16% ~ 25% and 15.6% ~ 26.2%, the total system annual costs
descend by 2% and 4.6% (taking wind and heat incentives into account). If LAES is added into
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the system (5# system), the wind power percentage can be further increased to 47% with less
curtailment. Correspondingly, the fuel cost, total annual cost and total CO2 emissions of 5#
system can be cut down by 46.6%, 34.7% and 41.5% when compared with those of 1# system.
Overall, it indicates the economic and environmental benefits of distributed renewable energy
systems with heat pumps, wind power and energy storage technologies. The specific storage

value will be discussed in section 5.4.2.2.
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Figure 5.11. Cost comparison of different system scenarios

5.4.2.2 Value of storage in a micro-grid without operating reserve

When wind penetration reaches about 47% (5# system), the effects of heat storage
(6MWh), LAES (6 MWh), and battery storage on system annual cost were discussed. A
particular focus was put on the benefits analysis of LAES, the value break-downs of each

storage are given in Figure 5.12.
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From the left pie chart in Figure 5.12, large heat storage helps achieve about 1.65% of
annual cost reduction, presenting the high ROI (8.19). Specifically, it saves the fuel cost by
29.2%, reduces the captital cost of peak gas boilers by 11%, as well as boosts the heat pump
incentives by 59.8%. When LAES is deployed into the micro-grid, the revenues it creates
augment with the increase of wind power percentage (from 17.8% to 33.74% to 46.9%). Take
the system with 46.9% of wind penetration as an example, the annual revenue of LAES reaches
up to kE 593, corresponding to 74.7% of its annual amortized cost (not taking the operating
reserve into account). The whole benefit can be split into five major revenue streams and their
respective percentages, illustrated by the middle pie chart in Figure 5.12. They include: the
arbitrage revenue (19.85%), wind stabilization benefits (13.82%), peak units saving (33.74%),

flexibility value (25.33%) and waste heat benefits (7.27%).

I peak boiler saving M arbitrage revenue I - rbitrage revenue
[ fuel cost saving I wind stabilization benefits[ I wind stabilization benefits
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Figure 5.12. Value decomposition of three storage technologies

To be more specific, the arbitrage revenue is to fully utilize the spot electricity price
differences to reduce electricity bill. Wind-firming benefit can absorb excess wind energy
because of its large storage tank, reducing the wind curtailment by 52.84%. Peak units saving
(peak-shaving gain) means the 3AMW of LAES discharge unit can replace the 2ZMW of peak

gas engine when the extremely high demand occurs, saving the investment cost of peak gas
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engines (the biggest revenue source of LAES). To respond to wind variation quickly and
accommodate more renewables, several small gas engines with higher specific costs (system
without LAES) are required to meet the flexibility requirement. These engines can be replaced
by a large gas engine with lower specific cost when the system is equipped with LAES to
provide flexibility, leading to another significant cost saving, termed as the flexibility value of
the LAES. Besides, if excess compression heat of LAES is utilized to provide heating energy
for the HRMG, it helps save one peak gas boiler (1MW) and the corresponding fuel cost, as
well as the carbon emissions from boilers. The effects of the LAES on the HRMG is illustrated
in Figure 5.13, in which the wind curtailment reduction, peak-shaving gain and flexibility value
were clearly shown.

Battery storage can achieve the similar functions as those of the LAES in micro-grids
except for providing waste heat energy. The value contributions of battery were decomposed
as arbitrage revenue (26.1%), wind stabilization benefits (8.8%), peak-shaving gain (48.5%)
and flexibility value (16.6%), as shown in the right pie chart in Figure 5.12. Its value streams
differentiate from those of LAESS, because of the higher efficiency and self-discharge rate of
the battery storage, as well as its quick response and no storage tank. Overall, the total value

of LAES is higher than that of battery storage by 8.2% when the same investment was made.
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Figure 5.13. LAES effects on gas engine output and wind curtailment
5.4.2.3 Value of LAES in a micro-grid with operating reserve

When LAES is deployed into the micro-grid considering the operating reserve, part of
capacities of LAES and gas engines serve as the reserve margins, which is the scheduled output
to ensure the robust operation of the system when emergencies occur.

When there is no electric storage, a larger gas engine (5 MW) is equipped to supply
electricity and operating reserve simultaneously, resulting in a quite high investment cost of
gas engines. However, if the LAES provides part of the reserve capacity, its total value can be
augmented by 24.6%, shown as in Figure 5.14. Specifically, the arbitrage revenue of the LAES
is reduced by 19.6% to 13.2% when providing part of the operating margin. But in return, the
size of the gas engine shrinks to 4 MW, of which capital and fuel cost are cut down by 17%
and 45.8% respectively, transferring into the reserve value of the LAES (up to 20.4% of the

total value). By now, the stacked revenue of the LAES in the micro-grid reaches up to kE 715.9
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when serving as the operating reserve as well, equivalent to 90.2% of its annual amortized cost.
Thus, it is believed that the proper investment of LAESs in micro-grids will be increasingly
attractive when more renewables and less CO. emissions are required, as Herib Blanco et al.

[265] argued small storage leads to large benefits.
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I \ind stabilization benefits o
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I peak units saving 13.2%
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20.4%

11.4%

21.0%

Figure 5.14. Value of LAES serving as an operating reserve in micro-grid

5.4.3 Optimal design and operation of a micro-grid with LAES

In section 5.4.1 and section 5.4.2, the key benefits and specific value streams of LAESs
were fully recognized. In this section, the optimal sizes of the LAES in the HRMG are
determined endogenously, together with determining other generators’ capacities under
different scenarios. To be highlighted, only a component is of great value can it be selected in
the MILP optimization, which aims at achieving the minimum cost and environmental impact.

To be noted, in this section, the convergence criteria differ from those in section 5.4.1
and section 5.4.2 (MIP gap = 1%). Here, three criteria, namely the Time_Limit >= 24h
(864000s), Node_Limit >=120000, MIPgap = 2% were set. The optimization terminates when
the first convergence criterion is met, which mainly considers the trade-offs between the
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solving time and the possible best solution. It is supposed that the objectives achieve the
optimum when feasible integer solutions don't update further for enough long time (> 10 h),

the converging curves are shown as in Figure 5.15.
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Figure 5.15. MILP optimization iteration curve

5.4.3.1 Effects of the cost reduction of LAES on system design
It is expected that the capital cost of LAESs will be reduced when they are deployed on
a large scale and volume. In a micro-grid with 50% of wind penetration, 15% and 25% of cost
reduction cases were studied, to reveal the effects of LAES capital cost on system design,
shown in Table 5.6. As can be seen, the optimal sizes of the LFU and PRU of the LAES are 3
MW and 3.75 MW respectively. The optimal charge and discharge E/P ratios are 10.4~14h and
5~6.7 h, which is consistent with the exhaustive analysis in section 5.4.1 and section 5.4.2. It
indicates the marginal cost reduction of LAESs does not affect the size selection of LFUs and

PRUs, as well as the sizes of other system generators. It is due to that the storage value saturates
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when its size reaches a specific level in a specified micro-grid. Thus, it does not need larger
sizes of LFUs and PRUs when considering economics. But the LAES storage tank size
increases from 145 t to 197t, as it can help absorb more wind energy, and reduce wind
curtailment and the electricity fee, which is profitable and preferable.

Table 5.6. Optimal design & operation of micro-grid with LAES cost reduction

LAES System LAES €O
cost Engines WT  Grid HP Boiler HS LFU PRU Tank a?]lnual annual reduction
reduction MW /MW /% /MW /MW /MWh /MW /MW /tons cost/kE investment on 2016
IKE level
15% 4 1463 1382 5 9 6 3 3.75 145 4277 706.9 41.2%
25% 4 1460 1348 5 9 6 3 3.75 197 4190 641.5 41.3%

5.4.3.2 Effects of a higher wind penetration on system design

In this part, two scenarios of wind penetration (64% and 75%) were studied respectively
when 25% of LAES cost reduction was assumed, the results are given in Table 5.7 and Figure
5.16. From Table 5.7, it concluded that more wind power percentage is the major driving force
to increase the attractiveness of LAES in the micro-grid, the annual investment cost of the
LAES increases from kE 729.2 (64% of wind power) to kE 958.6 (75% of wind power), as only
the value it creates is higher than its investment can the LAES be selected. After the system
optimal design, more wind penetration leads to the decrease of gas engines’ capacities, as well
as the increases in the sizes of LFU, PRU and the tank of the LAES, to absorb and store more
wind energy. The rest of power demand is met by purchasing electricity from the grid. As
shown in Figure 5.16, the LAES mainly serves as stabilizing wind energy, shaving peak,
providing operating reserve and flexibility. The optimal charge/discharge E/P ratios and
storage tank size are 27/14 h and 605t when the wind percentage is 75% in the micro-grid. The

total CO2 emissions are reduced by about 55% and 62% in the two scenarios on the 2016 level.
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Table 5.7. Optimal design & operation of micro-grid with increasing wind penetration

LAES CO,
annual reduction
investment/ on 2016

Wind Engines WT Grid HP  Boilr HS LFU PRU Tankiﬁtsgn

power% /MW /MW /% /MW /MW /MWh /MW /MW /tonsC

ost/kE kE level
64% 2 19.8 20 8 9 10 3 5.2 355 38733 729.2 54.6%
75% 1 235 20.2 8 11 10 4.8 54 605 4058.7 958.6 61.9%
275 electricity demand/MWh [l gas engine 1140
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Figure 5.16. Optimal power dispatch of the micro-grid with De-LAES and more wind power
5.4.3.3 Effects of higher electricity prices on system design

In this part, the future grid scenarios were considered, the carbon intensity will drop by
50%, and the electricity prices will go up by 20% and 40% respectively on 2016 level [266]. It

is mainly due to higher prices of fuels and more renewables penetration.
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Table 5.8. Optimal design & operation of micro-grid with future grid scenarios

— O,

E'ecrti'!g'ty Engines WT Grid HP Boiler HS LFU PRU Tank anfgasltirgst / Liﬁgitﬁgﬁﬁl reduction
P IMW IMW /% /MW /MW /MWh/MW /MW /tons on 2016

Increase kE I'kE level
20% 3 1535 2067 8 10 10 3 42 255 38284 673.6 57.8%
40% 3 16381873 8 9 10 3 45 279 39289 686.9 59.3%

From the results in Table 5.8, when electricity price and the price difference (valley and
peak) both go up, the system relies less on the grid but more on wind power, to cut down the
operational electricity cost. For LAES selection, the size of LFU keeps unchanged to avoid
much increase in its investment cost. But the sizes of PRU and storage tank both increase by
respective 7.1% and 9.4%, to capture more electricity price arbitrage opportunities and more
excess wind energy. In this scenario, the LAES mainly functions to achieve the electricity
arbitrage, peak shaving and operating reserve. In the heating sector, the energy shift from
electricity to heat by heat pumps (combined with heat storage) becomes even more active. This
is motivated by larger electricity price differences, resulting in the savings on the capital cost
of one boiler and the corresponding fuel cost. The system tends to produce more heat and store
it when there is low-price electricity and surplus wind energy, and then releases the heating
energy to supply heat demand when peak-price electricity occurs. Thus, heat pumps with heat
storage is also a good approach to provide system flexibility and absorb excess wind when

there is higher renewable penetration, illustrated in Figure 5.17.
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Figure 5.17. Optimal heat dispatch of the micro-grid with De-LAES and larger price differences

5.4.4 Effects of different micro-grid sizes on system design

There is currently no clear threshold for classifying the sizes of micro-grids, but most are
in the range of 2 ~ 20 MW [267], few cases can reach up to 50 MW in terms of electric power scale
[268]. Thus, to discuss the effects of a high demand on the system design and LAES benefits, the
campus power demand is assumed to decrease by 50% (representing a smaller micro-grid) and to
increase by 50% (representing a larger micro-grid) on the 2016 level respectively, while keeping

at least 50% of renewable power percentage.

Table 5.9. Optimal design & operation considering different sizes of micro-grids

Wind Svstem LAES CO2
Micro-grid power Engines/ WT/M Grid/ HP/M Boiler/M HS/M LFU PRU Tank/ Y annual emission

size/times ratio/% MW W % W W Wh /MW /MW tons annual investme s/ tons
cost /kE nt /KE

05 5315% O 105 438 9 25 10 3 3 154 1820.1 612.7 5826.7
15 50.5% 6 239 138 12 15 10 3 7.2 450 5478.6 796.1 20537.3

From Table 5.9, in a small micro-grid with lower demands, the LAES can even replace

gas engines completely and ideally. The results shows that a single LAES plant is multi-
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functional, which is capable of handling peak shaving and excess wind energy, as well as
providing the operating reserve, flexibility requirements and waste heat for the micro-grid.
However, in a large micro-grid with higher demands, the capacities of the system equipment
all increase significantly to meet higher power and heat demands, including the engines, wind
turbines, heat pumps and boilers. For the LAES, the LFU size keeps constant at 3 MW because
of its low cost-effectiveness. Another reason lies in the capacity of heat pumps increases by
3MW, which can serve as one way to accommodate more wind energy and provide flexibility
for the micro-grid. But the sizes of the PRU and storage tank both increase remarkably, to
reduce the capacity of the peak gas engine and to provide enough operating reserve. It is due
to there are larger differences between the electricity peaks and valleys, as well as a higher
requirement for the operating reserve. This case discussion verifies the robustness of the MILP
design framework, which is capable of achieving the optimal design and operation of micro-

grids with the decoupled LAES under different application scenarios.

5.5 Summary

In this part of work, a decoupled LAES energy storage model under off-design
conditions was developed, to adapt to variable renewables and user demands. It was then
integrated into a MILP design and operation framework of a hybrid renewable micro-grid
(HRMG). The importance of this work lies in it provides the preliminary business model of
applying small-scale LAES in hybrid renewable micro-grids, and can promote the optimal
deployment of LAES under different scenarios in micro-grids.

Firstly, based upon the framework, the optimal charge/discharge E/P ratios and storage
tank sizes of LAES were investigated first by using exhaustive method. It indicates that there
exist the optimal sizes of LAES units when it provides different services in a HRMG. The

optimal charge/discharge power and storage capacity of LAES vary with the services it
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provides. The optimal charge/discharge energy to power ratio are 8/3 h, 12/6 h and 12/6 h
corresponding to the arbitrage, wind stabilization and operating reserve.

Secondly, the functions of LAES, TES and battery in the HRMG were analysed, and
the total benefits of these storages split into different value streams for the first time. For a
micro-grid with 50% of wind power, the LAES in it can help achieve multiple functions,
corresponding to six explicit value streams that can be stacked up. They include: the time
shifting (13.2%), renewable firming (11.4%), peak shaving (28%), flexibility (21%) and
reserve value (20.4%), as well as the waste heat recovery (6%). The total profit of the LAES is
8.2% higher than that of battery storage when the same investments were made

Finally, the optimal design and operation of the HRMG with the decoupled LAES under
different scenarios were investigated by the developed MILP framework for the first time. The
results indicate the key value of LAESS to support the future HRMGs and its attractiveness in
HRMGs, which is mainly motivated by higher requirements on wind power and CO, emission
reduction. The system design framework can determine the optimal sizes of the micro-grid
components and the LAES units. Specifically, the optimal charge/discharge energy to power
ratio (27/14 h) and the storage tank size (608 t) of LAES in a micro-grid with 75% wind power

are obtained, leading to ~60% of carbon emission reduction on the 2016 level.
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6 Achieving a net-zero carbon energy system with liquid

air energy storage and the optimal storage combination

6.1 Introduction

6.1.1 Literature review

To build a net-zero carbon energy system, a global effort has been seen in residential,
commercial, industry and science areas [3]. A review from Hansen et al. [269] reported that
more than 180 of scientific publications about the planning and optimization of 100%
renewable energy systems or the net-zero carbon energy systems have been published since
2004. However, it found that most of the articles focused on the power sector, and another
problem is that other world areas except for USA, Australia and Europe are not well researched.
Diesendorf et al. [270] argued that the transformation of a traditional power system to a 100%
renewable system is feasible both technically and economically, but also pointed out this
transfer may need more support from government and institutes. It is argued that achieving
carbon-free or renewable power systems can be facilitated by the deployment of energy storage

technologies at all timescales, including short-, medium- and long-duration storages [271].

6.1.1.1 100% renewable energy system planning

The studies about designing 100% renewable or net-zero carbon energy systems have
been conducted across different countries. Budischak et al. [272] developed a renewable grid
at the minimum cost in the USA, including onshore wind, offshore wind, solar PV, battery and
hydrogen storage. The results indicated that the least-cost system would result in up to three
times of excess renewable energy which can be used to replace NG. The electricity cost of a

future 99.9% renewable system will be as low as that of today under an optimal mix of
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generators and storages (9-72 h). Mathiesen et al. [273] designed a complete renewable energy
system including electricity, heating and transport sectors in Denmark, revealing that
implementing a 100% renewable energy system will bring economic, climate and social
benefits simultaneously. The total emissions of greenhouse gases can be reduced to 10.2% by
2050 compared to 2000 levels. Lenzen et al. [274] studied the possibility of supplying low-
carbon electricity for Australia, the LCOE at 20 AU$/kWh can be achieved by the optimal
planning. The work also indicated that PHES and biofuel generators are needed to balance the
system during periods with low renewables, and showed the significant impacts from
transmission networks, biofuel and carbon price. But the system didn't consider multiple energy
storage options. Lu et al. [275] also investigated a fully decarbonized and electrified energy
system for Australia. The results suggested the cost of such a future energy system for Australia
at AU$ 70 - 99/MWh, and confirmed the significance of electricity grids interconnection,

demand-side response and mass energy storage.

Brown et al. [276] developed a sector-coupled open energy system model for Europe,
which involves electricity, heat and transport sectors, aiming at reducing 95% of CO, emissions
on 1990 level at a cost-optimal way. The results showed the system investment costs under
different scenarios, and revealed the significance of incorporating the battery electric vehicles
(BEV), P2G and long-term TES, which can effectively increase the system flexibility, smooth
the variability of wind and solar, as well as reduce the total system cost. Child et al. [277]
further explored the technical and economic feasibility of a 100% renewable power system for
Europe. Two transition pathways, namely regionally-independent and area-interconnected
scenarios, were investigated by using LUT (the Lappeenranta University of Technology)
energy system transition model. The optimization results indicated that the LCOE of such a

system can be reduced from 69 €/ MWh to 51 € MWh when taking the flexible generation and
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energy storage into account. Zappa et al. [278] also investigated the feasibility of a 100%
renewable power system for Europe. Seven scenarios were developed and studied, the results
revealed seven important insights about the future power system development, including the
expansions in generation, transmission, wind and solar power capacity, as well as the biomass
and biogas capacities etc. It also concluded that the cost of a 100% renewable power system is
30% higher than that of a low-carbon system. Maruf et al. [279] developed an open modelling
framework for analysing the feasibility of a 100% renewable and sector-coupled energy system
for Germany. The results indicated that such a system is achievable in Germany, the annual
investment costs of renewable and heat generators are 17.6~26.6 billion € and 23.7~28.8 billion

€ respectively. The annual cost of electricity and heat storage is 2.7-3.9 billion €.

Bogdanov et al. [280] developed a 100% renewable energy system with batteries and
P2G storage for North-East Asia. The results indicated that the electricity, gas and heat
demands can be satisfied by enough renewables at a competitive cost about 69.4 €/ MWh
(electricity (ele)), and at about 85.6 €/MWh (ele) for a system with higher security. Yue et al.
[281] studied the feasibility to achieve a 100% renewable energy system for Ireland, future
uncertainties were considered by developing different scenarios. The author suggested that
CCS technologies, bioenergy development and imports, as well as the increased annual
renewable deployment rate are all crucial for Ireland to achieve the 100% renewable target.
Ullah et al. [282] developed a novel energy optimization model to optimize the micro-grid
performance, the model considered the uncertainty and non-linearity of renewables by
proposing a hybrid demand-response scheme. It combines the multi-objective wind-driven
optimization algorithm and the multi-objective genetic algorithm, to reduce the operating cost
by 24.5% and the pollution emissions by 19%, as well as to increase the renewable share by

~20%. S. Samsatli and N. J. Samsatli [150] developed a MILP multi-objective optimization
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model to achieve the design and operation of multi-vector energy systems. The model was
applied into UK to decarbonize the electricity, heat and transport sectors. The results suggested
that hydrogen, syngas and electricity are preferable carriers over NG for the future green energy
system. The model [140] was also applied to decarbonize domestic transport sector in the UK
by developing a wind-hydrogen-electricity network. The results indicated that domestic
transport decarbonisation target can be met by combining the onshore wind power and

hydrogen, the newly-built hydrogen networks within UK have been planned.

6.1.1.2 Energy storage values in a 100% renewable energy system

There is a growing interest in investigating energy storage value in a 100% renewable
energy systems. Haas et al. [283] presented a comprehensive review of energy system
expansion planning involving storage technologies. It identified the modelling goal, energy
sectors and networks, as well as modelling details, time resolutions and uncertainties of such
modelling frameworks. The trends and challenges of storage expansion modelling were
proposed as well. PleBmann et al. [130] developed a model to estimate the energy storage
demand for a 100% renewable global power system, the storage technologies include the
battery, TES and P2M storage. The results indicated that the average 142 €/MWh of LCOE
can be achieved by integrating renewables and optimal energy storage mix (1.5 TWh of
batteries, 1,690 TWhth of P2M, and 73.6 TWhth of TES) globally. Weitemeyer et al. [9]
investigated the impacts of storage sizes and efficiencies on the integration of 100% renewable
power. The results indicated that small and efficient storage technologies help integrate a large
portion of renewables, seasonal storage is only needed when the renewable penetration is
higher than 80%. Blakers et al. [284] proposed a 100% renewable electricity supply in Australia
by using wind and solar energy, as well as hydrogen and biomass energy. It explored the effects

of PHES and stronger transmission network on the system performance, concluding that the
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estimated LCOE is AU$ 93/ MWh. Child et al. [285] developed a 100% renewable scenario
for Finland in 2050, in which the roles of different kinds of storage technologies were discussed.
The results indicated the indispensable roles of energy storages in zero-emission energy system,
specifically, electricity storage systems provided 21% of electricity demand, and heat storage
supplied 4% of heat demands, while gas storage is capable of providing 26% of gas demand in

total.

An energy system expansion model REMix was developed by F. Cebulla et al [286],
which studied the future generators and storage technologies mix for European countries. The
results revealed the capacity requirements, the spatial distribution and dispatch of four different
storage technologies, including Li-ion battery, H> storage, CAES and PHES. It indicated that
206 GW and 30 TWh of storage systems are needed when the renewable ratio reaches 89%.
Haas et al. [287] developed a storage expansion planning model for Chile, which considered
the power reserves and energy autonomy, as well as three different storage technologies,
including Li-ion battery, PHES and hydrogen storage. Jonathan et al. [288] investigated the
effects of three bulk energy storage (BES) technologies, including CO2-geothermal, CAES and
PHES, on the system-wide CO, emissions and water requirements. The results showed that the
BES can increase the utilization of wind power capacity, as well as the natural gas and coal
power capacity. It also suggested that compensation mechanism for BES should be set up to
enhance their environmental sustainability. Colbertaldo et al. [89] developed a power system
simulation model which incorporates hydrogen as the major storage technology, to manage a
high penetration of renewables in California. The results indicated that a combination of wind
(94 GW) and solar case (40 GW) requires about 77 GW of electrolysis capacity. The
comparison with battery storages indicated that a purely electric battery-based energy system

is 55 times more expensive than the system with merely hydrogen storage.
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Denholm et al. [289] investigated the impacts of storage duration on reducing
renewable curtailment under 55% of renewable penetration in Texas grid. The results indicated
that 3% ~ 6% of curtailment reduction can be achieved by deploying 8.5 GW of storage with
4h of duration. Storage with very long duration (like seasonal storage) is not desirable for areas
with high renewable penetration. Jafari et al. [290] have investigated the impacts of energy
storage systems and their time scales on the renewable integration and system costs in Italy.
The results indicated that EES can help reduce the system costs, further, short-term EES (less
than 10 h) are more advantageous than long-term EES (~100h) in terms of renewable
integration and providing system flexibility. Mao et al. [291] developed an energy system
modelling framework considering the dynamic charging/discharging efficiencies and the
degradation of Li-ion battery storage. The results indicated that it is acceptable to ignore the
dynamic efficiencies to reduce computational volume, but the degradation of battery would
lead to different generation expansion scheme. Guerra et al. [271] developed an optimization
framework to study the storage portfolio to achieve high (75-90%) or ultrahigh (>90%)
renewable integration in the USA power systems. The results suggested that a least-cost
carbon-free power system can be achieved with renewable curtailment and a combination of
short- and long-duration storage systems. @stergaard et al. [292] discussed the roles and
economic effects of electric storage, heat storage and biogas storage in a 100% renewable
energy system in Denmark, of which primary resources are wind, solar, geothermal and
biomass energy. It concluded that electricity storage is the most influential and costly method
for renewable integration. The literature about the planning of 100% renewable energy systems

or net zero carbon energy systems were summarized in Table 6.1 for reference and comparison.
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Table 6.1. The literature summary of 100% renewable energy systems planning

Authors Target  Target System Model Time/space Type Major results
year area resolution scenario
Mao et al., 2050 Distribute  Capacity expansion model Hourly/ Overnight ~ The degradation of battery storage would affect the
2022 d energy One node generator expansion in 2050 greatly, battery would be
system an attractive option for deep carbonization by 2050
Islam Maruf 2050  Germany OSeEM-DE - sector Hourly/ Overnight A 100% renewable-based and sector-coupled system
etal., 2021 coupled energy system Two nodes for electricity and heat is feasible in Germany with
LCOE at ~ 20.26 €MWh
Luetal., 2030  Awustralia  Super grid & smart grid' Half hourly/ Transition A fully decarbonized and electrified energy system for
2021 modelling framework Multiple Australia costs at AUS $ 70 - 99/MWh
nodes
Omar J. 2050  America SDOM (Storage Hourly/ Overnight A 85% of renewable energy system for America can be
Guerraetal., deployment optimization ~ Seven nodes achieved with LCOE at ~ 38.1 - 80.4 $/MWh
2021 model)
Yueetal., 2050 Ireland Ireland TIMES model Four season Transition A maximum 94% of renewables (including onshore
2020 with 5 year and offshore wind, solar and ocean energy, bioenergy
interval/ import) to power lIreland can be achieved. The
One node transition is more cost-effective with carbon capture
technologies
Samsatli et 2050 Great Value Web MILP Model  Hierarchical, Transition ~ Decarbonizing the electricity and heat sectors in UK by
al., 2019 Britain non-uniform/ deploying renewables and hydrogen storage is feasible.
Multi-zone
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Roughly 80% of electric heat and 20% of hydrogen
heat is the optimal case

Samsatli et 2050 Great Value Web MILP Model  Hierarchical, Transition  The Value Web Model can help determine the
al., 2019 Britain non-uniform/ investment capacities of generators, resources, and
Multi-zone their transport and storage methods for a 100%
renewable energy system in UK 2050
Colbertaldo 2030  California Lumped power system Hourly/ Overnight A 100% renewable power system (94 GW solar and 40
etal., 2019 model with storage one node GW wind) for California is feasible with the hydrogen
(77 GW electrolysis system) as the primary storage
Child et al., 2050 Europe LUT Energy System Hourly/ Transition ~ Two transition pathways to a 100% renewable power
2019 Transition model 0.45° *0.45° system for Europe is technically and economically
MOSEK optimiser spatial feasibility with LCOE at ~ 51 Euros/MWh
resolution
Zappaetal., 2050 Europe PLEXOS modelling Hourly/ Overnight A 100% renewable power system for Europe is
2019 package 0.75°x0.75° feasible, the cost of such a system is 30% higher than
Spatial that of a low-carbon system
resolution
T. Brown et 2030 Europe PyPSA-Eur-Sec-30 Hourly/ Overnight It revealed the significance of incorporating the battery
al., 2018 Multiple electric vehicles (BEV), power-to-gas units (P2G) and
nodes long-term thermal energy storage into the system
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Sadigaetal., 2050 Pakistan LUT Energy System Hourly/Multi Transition A 100% renewable power and water system for
2018 Transition model ple nodes Pakistan primarily relying on solar (96.6%) is feasible
MOSEK optimiser with the LCOE at ~ 46.2 €/ MWh
J. Haasetal.,, 2050 Chile LEELO - linear storage Hourly/ Overnight ~ The optimal storage combination and their capacities
2018 expansion planning model  Four nodes when providing multiple services were determined.
The batteries are the main provider of (short-term)
power reserves, assisted by pumped-hydro, hydrogen
storage is for providing (long-term) energy autonomy
Blakersetal., 2030  Australia  National electricity power  Hourly/Multi Overnight A 100% renewable energy system, involving wind,
2017 model ple cells solar, hydroelectricity, biomass and strong
interconnection, is feasible for Awustralia at -~
AU$93/MWh of LCOE
Bogdanovet 2030 North- Linear multi-node energy Hourly / Overnight A 100% renewable energy based system is feasible for
al., 2016 East system optimization 0.45° *0.45° North-East Asian, the system cost is 69.4 €/ MWh
Asian model Spatial
resolution
Samsatli et 2050 Great STeMES - Spatial- Half hourly/ Overnight ~ The domestic transport demand in UK can be met by
al., 2016 Britain temporal energy systems Multiple onshore wind turbines and hydrogen-electricity
model nodes network
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6.1.2 Research aim

From the literature review above, there are three gaps that were identified to motivate
this part of work, they include: 1) for the UK, few studies have been presented to discuss the
net-zero carbon pathways and their comparisons, as well as the role of future CCS technology,
which have been ignored. 2) There are few studies that have paid attention to LAES and its
roles in helping construct a net-zero carbon energy system, though LAES is a promising storage
technology, meanwhile, the comparison and compensation of different storage technologies
were not discussed within system planning cases for the UK. 3) Few zonal energy system
design models for the UK have been developed to guide the planning of conventional
generators with CCS, renewables, heat generators and storage technologies. Thus, the novelties
and major work of this study are concluded as the following three ones:

a) A three-zone energy expansion model of the UK has been developed, which couples
the power and heat sectors, integrating conventional electric generators, renewables, energy
storage technologies, operating reserve and heat generators. The expansion planning and
operation of these generators in different zones can be determined by 2050.

b) Different pathways for the UK have been developed to decarbonize the power and
heat sectors, including the 100% renewable energy system, the net-zero carbon system and
different hydrogenation rates in heat sectors, the comparisons have been made to show the
technical feasibility and economic performance of different pathways.

c) The roles of LAES and other storage technologies in different de-carbonization
scenarios have been discussed, the required expansion capacities and the optimal storage
combination in different zones can be determined.

It is important to highlight that this kind of study involves many assumptions, from
technologies, efficiencies and future capital costs to the simplification of grid and heat network

topology. Due to that, the significance of investigating future system evolution pathways does
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not lay in the exact values obtained as simulation results, but rather in general trends, orders of
magnitude, and mutual comparison found for the investigated variables, with the final aim of
assessing the potential cost-effective pathways and providing guidance for policy makers to
make long-term planning.

The structure of this part of work is constructed as: Section 6.2 introduces the case study
and the demands profiles. Section 6.3 introduces the techno-economic assumptions of different
generators and scenario developments. Section 6.4 details the energy system expansion model.

Section 6.5 presents the results and discussions. The summary is made in section 6.6.

6.2 Case study introduction

6.2.1 Space and time resolution of the case study

Great Britain has pledged to achieve the net-zero carbon emission by 2050 at COP26
[4], which makes it a suitable case study for this work. In the work of Samsatli et al. [140],
Great Britain has been divided into 16 zones (shown as in Figure 6.1 (a)) based on the National
Grid Seven Year Statement (NGSYS) [140]. Each zone has its own features, including its
dynamic electricity, heat and transportation demands, available primary resources, conversion
and storage technologies etc. [293]. However, in this study, in order to achieve the proper trade-
off between the accuracy and calculationburden, the 16 zones have been aggregated into three
major zones, namely Scotland zone (zone 1), Midlands zone (zone 2) and South zone (zone 3),
shown as in Figure 6.1(b). Accordingly, the relevant demands, primary resources and capacities
of conversion and storage technologies were aggregated as well. It is simplified that there is a
transmission line between zone 1 and zone 2, as well as another transmission line between zone
2 and zone 3. For the time resolution, the representative day method was adopted to reduce the
computing burden. Specifically, a whole year was distinguished into four seasons, namely the
spring, the summer, the autumn, and the winter. Four representative days were selected from

each season to represent the low demand (or the lowest renewable capacity factor), the first
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medium demand (medium 1, or the first medium renewable capacity factor), the second
medium demand (medium 2, or the second medium renewable capacity factor) and the high

demand (or the highest renewable capacity factor), which are repeated in each season [34,294].

(a) (b)

Figure 6.1. District zones in Great Britain (a) 16 separate zones; (b) three aggregated zones (yellow — zone 1, green —

zone 2, orange — zone 3)

6.2.2 Electricity demand

In all three zones, a representative day with hourly electricity load in each season was
selected as the electricity demand input. Each representative day was divided into four time
periods (t1 - t4) based on the work of Samsatli et al. [150], shown as in Table 6.2. The demand

variation in each season was determined by applying a factor (between 90% - 110%) on the
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representative data in Table 6.2, which was assumed to characterize the low, medium 1,
medium 2 and high demands. A weight factor was applied to consider the repeated cycles of
the representative data in each season. Meantime, according to the transport transition plan of
the UK [295], high electrification rate is expected by 2050 to meet the net-zero emission
pathway, the electricity need from the transport sector will be added into the electricity demand
in power sector. The total electricity demand in power sector in Great Britain in 2020 was
around 300 TWh, which is expected that there is 42.9% of increase by 2050 [296].

Table 6.2. Electricity demand of different zones in UK in 2020 (unit: GW) [150]

Seasons p;‘ig‘ssl ZONE1  ZONE2  ZONE3
1 1.851 8.455 11.097
Spring 2 2.312 10.614 13.912
3 2.524 11.709 15.298
t4 2.545 11.612 15.247
t 1.605 7.427 9.708
Summer 2 2.019 9.354 12.225
3 2.349 10.949 14.284
t4 2.314 10.64 13.935
t 1.849 8.504 11.14
Autumn 2 2.331 10.747 14.067
3 2.599 12.09 15.78
t4 2.681 12.227 16.058
t 2223 10.113 13.293
Winter 2 2.655 12.174 15.959
3 2.916 13.484 17.632
t4 3.055 13.843 18.216

Notes:

1. “Time periods’ representation: ‘t1’ —12.00 am — 7.00 am, ‘t2’ — 7.00 am — 12.00 am, ‘t3’ — 12.00 am
—6.00 pm, ‘t4’ —6.00 pm — 12.00 am.

6.2.3 Heat demand

Heat demand in Great Britain was estimated based on the data given by Sansom et al.
[297] and Samsatli et al. [298]. It presents large seasonal variability, thus, the average heat
demands from 16 successive durations (in consistent with the representative days of electricity

demands) were selected, shown as in Figure 6.2 (a) (green short line). The average monthly
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demand was further disaggregated into different heat demand periods per day by using the day
profiles given by Samsatli et al. [150], shown as in Figure 6.2 (b). The spatial heat demands
distribution in three zones were estimated based on the results in the work [298]. The weight
factor in heat sector is the same as that in electricity sector. The total annual residential heat
demand in 2020 was 480 TWh [297], which was predicted to be reduced by 18.8% when

considering the better insulation and more efficient appliances in the future [296].

400 18,000

<°15,000

w

S

S
W

T § ¢
< B '012’000
£ = g
§ 200 £ 9,000
g i3 8
3 s =
© i ] 3 6,000
2100 L1y T
o B,
3 T 3,000
0 0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec S
(@) (b)

Figure 6.2. The heat demand profile: (a) Monthly heat demand in a year [298]; (b) Hourly heat demand in a day [150]

6.2.4 Renewable profiles

The widely developed renewables in the UK include onshore wind power, solar PV and
offshore wind power. The renewable capacity factor is defined as the availability of wind or
solar energy for a specific hour at a certain location [194], which was obtained from the open
source website ‘Renewables.ninja’ [299], the representative capacity factors of onshore wind,
offshore wind and solar power are shown in Figure 6.3. As renewables are sporadic and varying
sources which do not display the repeating daily, weekly or monthly cycles. Thus, in order to
capture the variability of renewables, four representative profiles of each renewable in each
season were selected based on the yearly capacity factors of onshore wind power, solar PV and
offshore wind power. They represent the lowest, the first medium and the second medium, as

well as the highest capacity factors of each season [300]. Finally, a scale factor was used to
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scale up or down the representative profiles to make sure the average renewable capacity factor
in each season keeps the same value with the original renewable profiles [301]. It was assumed
the renewable capacity factors in 2050 in the UK keep the same value as they are nowadays. A
weight factor was estimated based on the occurrence rate of each representative renewable

profile in a season.

onshore wind in Zone 1
—— onshore wind in Zone 2
onshore wind in Zone 3

solar profile in Zone 1
solar profile in Zone 2
08t solar profile in Zone 3

|

0.6

=
—
=—==N

5
~
T

0.4}

| .
V\ W ‘u ‘\
. \,f
. JINANARANAN 0 V., Y {"" .
0 50 100150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time/h Time/h
(a) (b)

1.2

0.2f {1\

Solar capacity factor profile
Onshore wind capacity factor profile
S
(@)
—

(=]

(3]

T
" —
-_—

offshore wind in Zone 1
offshore wind in Zone 2
" offshore wind in Zone 3

OSW A
A
I |

SR
b VY

/

.:.

o
'S

offshore wind capacity factor profile
o
=

0 50 100 150 200 250 300 350 400
Time/h

(©

Figure 6.3. The representative renewable capacity factor profiles: (a) Solar energy; (b) Onshore wind energy; (c)
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6.3 Techno-economic input data

6.3.1 Electricity generators

Currently, the thermal generators for producing electricity in the UK include open cycle
gas turbines (OCGT), combined cycle gas turbines (CCGT), biomass plants, hydro run of river
power plants, as well as a small number of coal, oil and nuclear plants, of which current
capacities were obtained from the work [302]. These thermal generators might be partly or
totally retired in the future, depending on the energy transition pathways of the whole country.
In this study, the brown-field approach was considered [122], it means the future thermal
generators mix and their capacities were to be determined by the energy expansion model based
on the current capacities and the decarbonisation scenarios.

In order to reduce the calculation burden, the nuclear and hydro run of river power
plants were assumed to provide electricity all year round at the rated capacity considering their
small capacities, long lifetime and no carbon emissions. There are no expansions of these two
technologies. Besides thermal generators, a large share of electricity generation comes from
renewables, including the solar PV, onshore wind power, and offshore wind power. Their
current capacities were obtained from the work [296][302], and their available deployment
potentials came from the work [150]. The CCS technology and hydrogen CHP were considered

to decarbonize the future power system. The capital expenditure (CAPEX), fixed (FOM) and
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Table 6.3. The capacities, CAPEX, FOM, VOM and performance metrics of electricity generators [296] [302] [290,303][304,305]

Current capacit Minimum Efficienc FOM VOM Lifetime/

Thermal generators / GWp ’ load / % /% 7 capEX (W) (EKWiyear)  (E/KWh)  years
Coal plant 4.58 50% 331 17415 37.60 3.73 40
CCGT 20.98 30% 51.7 561.6 13.16 2.03 30
OCGT 11.30 30% 34.1 353.81 13.16 3.08 30
Diesel/oil plant 1.31 50% 34.8 972 16.77 2.24 40
Nuclear plant 7.83 100% 38 3525 78.75 5.85 60
Biomass cogeneration 3.86 30% 34.1 850.5 18.87 2.07 30
Hydro run of river 1.47 \ 90 2018.25 7.11 0 40
Pumped hydro storage 2.90 \ 90 3071.25 26.33 0.35 40
Onshore wind 12.73 \ \ 827.48 10.53 0.195 25
Offshore wind 10.41 \ \ 1659.38 2457 0.27 25
Solar power 11.96 \ \ 398.39 8.07 0 25
Import HVDC! 5.00 \ o5 0.7 (E/kW.km) 0.00075 0 50
CCGT CCs? 0 30% 44.7 1290 30.09 2.44 30
OCGT CCs 0 30% 331 1082 30.09 3.44 30
Hydrogen CHP? 0 35% 40.5 1183.8 31.3 2.03 30

Notes:

1. HVDC - high voltage direct current.
2. CCS — carbon capture and storage.
3. CHP — combined heat and power.
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variable (VOM) operation and maintenance costs of these generators were collected from
different works, listed in Table 6.3, in which appropriate assumptions have been made based

on the technologies’ developments.

6.3.2 Heat generators

In order to meet the heat demand (including the domestic and commercial sectors, but
excluding industrial sector), the current major heating technologies in the UK are gas boilers
(~80%) and district heat networks. The future low-carbon heating technologies include air-
source heat pumps (ASHP), ground-source heat pumps (GSHP), biomass boilers and hydrogen
boilers, as well as electric heaters [306]. Considering the outdoor temperature variation, the
COP of ASHP is varying with temperature and the value was obtained from the work [297],
shown as in Figure 6.4. As there are land constraints for GSHP in each zone, it is more suitable
for the area with low-density population, while ASHP is appropriate for the area with high-
density population [281], the difference is represented in the capacity limitations of these two

technologies in different zones.
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Figure 6.4. The COP of ASHP varying with outdoor temperature [297]
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The current capacity of district heat network in the UK is ~22.4 GW [296][307], the major heat
sources for district heat network are central gas boilers and gas CHP units, as well as the waste
heat from power generators [296]. Oil boilers are to be disused by 2050. It reported that there
is a potential of 50% of reduction in the cost of district heat networks [297]. Other renewable
heat sources, like geothermal heat and concentrated solar heat, were not included in the model
considering their low potential share in the whole system [308]. The installed capacities of
different generators were estimated by counting the households and population in each zone
[293][309]. The CAPEX and FOM of these generators were collected from several work, listed
in Table 6.4. The VOM of heat generators was neglected due to its marginal value. The
electricity and heat fuel costs in 2050 (including coal, oil, natural gas, electricity, biomass, Hy)
were predicted by the work [303][310][311], collected and listed in the Table 6.5.

Table 6.4. Techno-economic performance parameters for heat generators [306,312,313][276,279,281,298]

Heat generators Cu_rrent Efficiency = CAPEX FOM lifetime/
capacity/GW ! % £/kW (E/kWlyear) years

Gas boiler (Dom?) 610.4 85 97.9 2.86 15
Oil boiler 51.8 70 109.5 2.86 15
Electric storage heaters? 50.4 82 255.88 1.93 15
ASHP (Dom) 2.8 Varying® 758.63 1.43 20
GSHP (Dom) 2.8 3.2 1011.5 6.12 20
Electric heaters (Dom) 22.4 90 118.5 1.43 20
H. boiler (Dom) 0 90 142.8 3.43 15
Biomass boiler (Dom) 0 80 278.2 2.86 20
District h(eleltclarl)g network 99 4 82 709 394 30
District he(za;:;?)g network 0 82 743 304 30

Notes:

1. Dom-domestic application

2. Electric storage heaters refer to the devices consist of an input electric heater (3 kW), a heat storage (23.1 kWh)
and an output electric heater (1.5 kW) [297].

3. Varying — refers to the COP of ASHP is varying with outdoor temperature.

4. NG — natural gas, meaning the district heating network is mainly powered by central gas boiler.

5. Hz — hydrogen, meaning the district heating network is mainly powered by central Ha boiler.
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Table 6.5. Fuel price prediction and CO2 emissions in 2050 [303][310][311]

$ 2013 per barrel of oil CO2 emission intensity
Fuel equivalent in 2050 £ 2020 per MWh in 2050 kg/MWh
oil 130 69 238.9
Coal 29 15 341.2
Gas 79 42 180.9
Bio 108 65 0
H. \ 130 0

6.3.3 Storage technologies

For electric storage technologies, different storages present different efficiencies,
durations, energy losses, investment costs and lifetimes etc. There is no one storage system that
is perfect to cope with all the relevant problems for a net-zero carbon energy system. A good
solution is to consider the storage combination and utilize their compensation characteristics
[277].

In the UK, the large-scale deployed storage is PHES, the total discharge power capacity
is 2.9 GW, in which 0.74 GW is in zone 1, another 2.16 GW is in zone 3, and there is no PHES
existing in zone 2. Considering the geographical constraints, it is assumed that there is no
further capacity expansion of PHES in the future [302]. Another promising mid-term energy
storage without geographical limitation is LAES, a 5 MW/15 MWh plant has been built near
Manchester, and another 50 MW/250 MWh plants will be established in 2022 in the North of
England [63]. The major subsystems of LAES are the liquefaction unit, liquid air storage tank
and the power recovery unit, of which capital costs were estimated respectively based on the
investment of a pilot plant [55].

Besides these two technologies, the Li-ion battery with quick response time and short
duration was considered, it is a promising storage technology that can be integrated with intra-
day renewables [290]. There is 1.1 GW of battery power capacity within UK at present [314].

In order to achieve net-zero carbon emissions, the long-term storage was considered as well,
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H> storage is a promising seasonal storage with large amounts of hydrogen stored in reservoirs.
This storage technology involves electrolysers to absorb renewables to produce hydrogen, and
fuel cells to convert power back to consumers [24]. The stored H> can also be injected into gas
pipeline and used as heat and transport fuel to support hydrogen economy [297]. The technical
and economic performance of these four storage technologies were listed and compared in
Table 6.6.

For heat storage, both the short-term and long-term heat storages were considered [276],
differentiating in different charging and discharging durations. Short-term heat storage is
suitable for domestic applications. At present, there are about 1.8 million homes with electric
storage heaters and approximately 11 million homes with hot water tanks (e.g. 400L water tank
corresponding to 20-23 kWh per tank) in the UK [315]. Long-term heat storage refers to water
tanks with sizes between hundreds to thousands of cubic meters (eg. 300 m® tank corresponding
to 14 MWh per tank), which are mainly used for districted heating networks and communities
[315]. The techno-economic performance parameters of these two heat storage technologies

were listed in Table 6.7.
6.3.4 Scenario development

In this work, different decarbonisation scenarios were considered for the UK to
compare the techno-economic performance of the future energy systems. As only the power
and heat sectors were considered, the base case 1 did not consider the power and heat energy
system decarbonisation and coupling, as well as storage systems, other scenarios include
different decarbonisation pathways, and different electrification rates and hydrogenation rates
in heat sector. The electrification rate and hydrogenation rate are defined as the electricity or

hydrogen consumption in the total heat fuel consumption. Case 2 considered sector coupling
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Table 6.6. The techno-economic performance parameters of different storage technologies [288][316][317][28][318][280]

Energy Fixed

Charge Discharge Variable Charge Discharge Charge  Discharge Self- Life
sgre;gg power cost power cost stg(;e;?e c,)gﬁ(\l\//l\/ C%Srt O&M cost  efficiency efficiency  E/P ratio / E/P discharge time/
9 £/KW £/KW P £/KWh % % h ratioh  rate1/h  years
£/KWh year
PHES 243 785.2 78 11.92 0.0067 0.95 0.85 100 8 0 40
LAES 714.1 204.2 19.5 13.5 0.0002 0.7 0.85 10 6 0.01% 25
Li-ion 150 156 212.5 6 0.0002 0.95 0.95 5 4 0.25% 15
H2S? 450 375 0.85 16.7 0.0004 0.75 0.64 40 20 0 20
Table 6.7. The techno-economic performance parameters of different heat storage
Heat Charge Discharge sEtr(;Er};gZ 0 élizmegost Vgr;l'\b/lle Charge Discharge Charge  Discharge Self- Life
power cost  power cost g efficiency efficiency  E/P ratio / E/P discharge
storage £IkW £IkW cost £/kWh per cost % % h ratio/h rate 1/h time
£/KWh year £/kKWh
Long- 0 0 16 17 Neg 90 90 30 50 Neg 30
term
Short-
term? 0 0 40 1.7 Neg 92.5 925 8 10 Neg 20
Notes:

1. H2S — it refers to hydrogen to storage.

2. Long-term thermal storage refers to thermal storage that is suitable for distribute heating network.

3. Short-term thermal storage refers to thermal storage that is suitable for domestic applications.

4. All the charge and discharge cost are estimated based on the technology development, the variable O & M cost of heat storage can be neglected.
5. The Fixed O&M costs (E/kW per year) of LAES and H2S storage were estimated based on CAES.

6. The operating costs could be estimated to be around 0.25% of total investment cost and maintenance cost approximately 1%.
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and introduced CO tax. Case 3 is a nearly 100% renewable power system (99% of renewable
ratio in power sector) and a net-zero carbon (zero carbon emissions) heat system without
storage expansion. Case 4 is a 100% renewable power system and a net-zero carbon heat system
with storage expansion. Case 5 is a net-zero carbon power system and a net-zero carbon heat
system without storage expansion. Case 6 is a net-zero carbon power system and a net-zero
carbon heat system with storage expansion. Case 7 is a net-zero carbon power system and a
net-zero carbon heat system with storage expansion and 50% of heat hydrogenation rate. These
cases were listed in Table 6.8. Except for these scenarios, sensitivity analysis was also
conducted to take some future uncertainties into account, including different hydrogenation
rates and different storage durations.

Table 6.8. Different future energy system scenarios

Scenarios Sector A 100% A net-zero A net-zero Heat Storage
coupling  renewable carbon power carbon heat hydrogen expansion
& CO tax power system system ation rate
system
1 x x x x x x
2 v x x x x x
3 v v x v x x
4 v v x v x v
5 v x v v x x
6 v x v v x v
7 v x v v 50% v

6.4 Energy system modelling

6.4.1 Modelling framework

In order to achieve the planning and operation optimization of the net-zero carbon
energy system in the UK in 2050, the MILP-based energy expansion planning model was

developed, which is an extension of the model ‘GenX’ [319] developed by a research team
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from MIT. The model in this work can determine the optimal expansion and retirement
capacities of different electricity and heating generators and storage technologies, as well as
the optimal dispatches and commitment decisions of these technologies, to meet electricity and
heat demand and other constraints at the lowest cost. The design and operational constraints of
these technologies are described in details in section 6.4.2. The optimization framework is

shown as in Figure 6.5.
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Figure 6.5. Country-level MILP-based energy system expansion model framework

6.4.2 Modelling constraints

6.4.2.1 Electricity generators

As described in section 6.3.1, the existing electricity generators and their existing
capacities (P_est_TG) in the UK are presented in Table 6.3. The brownfield approach was
adopted to determine the new (P_new_TG) and retired capacities (P_rtr_TG), as well as their

commitment/start-up/shut-down decisions and numbers (num_com_ TG, num_sta TG,
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num_shut_TG), as well as the dispatched power outputs (PinG_TG). It was assumed that the
generators clustered in each zone have the identical capacity sizes (Po_TG), the electricity
efficiencies (3 TG _ele), lifetime (Lifetime_TG), minimum power output (P_min_TG), ramp
up and down rates, and minimum online (Min_online_ TG) and offline durations
(Min_offline_TG). In such a way, instead of determining the commitments by using binary
numbers , the clustered integer numbers were adopted to reduce the binary variables and
improve the computational efficiency. It means the commitment numbers of each generator in
each zone vary from zero to the maximum available number. eq. (6.1), €q. (6.2), eq. (6.3), €q.
(6.4), and eq. (6.5) express the newly installed, retired, committed, started and shut-down
numbers or capacities of generators, which are limited by its maximum, existing and retired
numbers or capacities. eg. (6.6) expresses the committed numbers or capacities of generators
at the t™ time period, which is correlated with those at the t-1" time period. eq. (6.7) - eq. (6.10)
state the reserved capacity for providing the primary and secondary reserve (both upward and
downward). eq. (6.11) - eq. (6.12) express the power outputs of generators and reserve
capacities, which are limited by their allowed minimum and maximum power capacities. eq.
(6.13) - eqg. (6.14) express the minimum and maximum online and offline durations of

generators. eq. (6.15) expresses the fuel consumptions of thermal generators.

0 < num_new_ TG ;, < num_max_TG ;,, eq.(6.1)
0< num_rtr TG ;, < num_ext TG ;,, eq.(6.2)
0 < num_com_TG ;;, < num_ext TG ;, + -
num_new_TG ; , — num_rtr_TG ; ,, eq.(6.3)
0 < num_sta_TG ;,, < num_ext TG ;, + ..
num_new_TG ; , — num_rtr_TG ; ,, eq.(6.4)
0 < num_shut TG ;,, < num_ext TG ;, + ...
num_new_TG ; , — num_rtr_TG ; ,, eq.(6.5)
num_com_TG ;¢ , = num_com_TG ;,_q, + -

num_sta_TG ;¢ , — num_shut_TG ;, ,, eq.(6.6)
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0< reviupTG;,, < P, .TG ™ ...
revl_up_ratio_TG; , * num_com_TG ;¢ ,, eq.(6.7)
0< revldn TG, , < Py, TG * ...
revl_dn_ratio_TG;, * num_com_TG ;. ,, eq.(6.8)
0< rev2ZupTG;,, < Py, TG ™ ...
rev2_up_ratio_TG; , * num_com_TG ;; ,, eq.(6.9)
0< rev2_dn.TG ;;, < Py_.TG * ..
rev2_dn_ratio_TG; , x num_com_TG ;. ,, eq.(6.10)
PinG_TG ., - revl_dn_TG ;;, - rev2_dn. TG ;,, = -
Py TG * P_min_TG;, x num_com_TG ., eq.(6.11)
PinG_TG ¢, + revli_up TG ., + rev2_up TG ;,, <
Py TG x P_max_TG;, * num_com_TG ;. ,, eq.(6.12)
num_com_TG i1, 2 Yte—t—pr ontine 16, "WM-Sta_TG ; t ,, €4.( 6.13)
num_ext TG ;, + num_new_ TG ;, — num_rtr TG ;, — -
num_sta_TG ;r, > Yi—i_pro fflineG,, Wum_shut TG i, eq.(6.14)
fuel TG ;,, = PinG_TG ;,,/n_TG;_ele, eq.(6.15)
where, TG — thermal electricity generators, P — power capacity or output, num — the number of
generators. new —newly installed, ext — the existing number or capacity, rtr —the retired number
or capacity, sta — the start-up number or capacity, shut — the shut-down number or capacity.
com — the committed number or capacity, revl — the primary reserve, rev2 — the secondary
reserve. ratio — the capacity percentage, up — the upward reserve, dn — the downward reserve.
0 — the initial capacity, min — the minimum number or capacity, max — the maximum number
or capacity. DT — duration time, online — the online number or capacity, offline — the offline
number or capacity, fuel — fuel consumption, ele — electricity. CO2 — carbon dioxide, ems —

emissions, fuel_CO, — the CO2 content in a kind of fuel, i — the i" generator, t — the t time

period, z — the 2" zone.
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6.4.2.2 Heat generators

As described in section 6.3.2, the existing heat generators and their existing capacities
(P_est_HG) in the UK are presented in Table 6.4. The number of heat generators were counted
in million homes in the work [296]. But in this work, the clustered capacities of different
generators were considered to avoid large amount of calculation volume. The committed heat
power capacity (P_com_HG) is limited by the existing capacity (P_est HG), the newly
installed (P_new_HG) and retired capacities (P_rtr_HG), expressed in eq. (6.16) - eq. (6.18).
The heat power capacity injected into the heat network (PinH_HG) is limited by the committed
heat power capacity, expressed in eg. (6.19). The fuel consumption of heat generators is related
to the heat efficiencies (_HG_heat), expressed in eq. (6.20).

P_com_HG ., = P_est HG ;, + P_new_HG ;, — P_rtr_HG ; ,e0.(6.16)

0 <Pnew_HG;, < P_ava_HG ;,, eq.(6.17)
0<Prtr HG;, < P_est_ HG ;,, eq.(6.18)

0 < PinH_HG iy, < P_com_HG ;. ,, eq.(6.19)
Fuel HG ;;, = PinH_HG ;,,/n_HG;_heat, eq.(6.20)

where, HG — heat generators, ava — the available numbers or capacities, heat — the heat
efficiency.
6.4.2.3 Renewable generators

The existing renewable generators and their existing capacities (P_est_Rew) in the UK
are presented in Table 6.3. It was assumed there is no retirement of all renewable generators,
the numbers of newly built generators (num_new_Rew) are limited by the maximum allowed
numbers or capacities in eq. (6.21). The committed numbers of renewable generators
(num_com_Rew) are limited by the existing (P_est_Rew) and newly built numbers or capacities,
expressed in eq. (6.22). The available renewable power capacity is limited by its capacity factor,

expressed in eq. (6.23). The renewable power injected into the grid (PinG_Rew) is constrained
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by the available power capacity, expressed in eq. (6.24). The curtailed renewable power
(P_curt_Rew) is expressed in eq. (6.25).

0 < num_new_Rew ;, < num_max_Rew ; ,, eq.(6.21)

num_com_Rew ; , = (num_ext_Rew ; ,+...
+ num_new_Rew ; ;) * Py_Rew ;, eq.(6.22)
P_ava_Rew ;;, = capaf_Rew ;. , * num_com_Rew ;,, * P,_Rew ; eq.(6.23)
0 < PinG_Rew ;;, < P_ava_Rew ;,, eq.(6.24)
P_curt_Rew ;., = P_ava_Rew ;,, — PinG_Rew ;,,, €q.(6.25)

where, capaf — the renewable capacity factor, curt — the curtailed energy.
6.4.2.4 Storage technologies

In this study, four energy storage technologies were considered for the renewable
integration. Currently, there are only large-scale PHES systems existing in the UK, battery and
LAES have small capacities, hydrogen storage can be considered non-existing. Storage
technologies were divided into three subsystems, the charging units, the storage units and
discharging units, which have different capital costs and efficiencies. The clustered capacities
of storage technologies were considered in the planning process. As these storages are used for
integrating renewables, so the charging power (Pcha_new sto) was taken as the newly
designed variable, it is constrained by the available storage power capacity (Pcha_ava_sto),
expressed in eq.(6.26). The storage capacity (E_new_sto) and discharging power
(Pdis_new_sto) are calculated based on the charging (EPRcha) and discharging (EPRugis) energy
to power ratio (EPR), expressed in eq. (6.27) and eg. (6.28). The power injected into (PinG_sto)
and withdrawn from (PfmG_sto) the power grid are expressed in eqg. (6.29) and eq. (6.30). The
storage technologies can serve as the primary (revl) and secondary reserve (rev2) as well,
expressed in eq. (6.31) - eq. (6.34), the discharging power can serve as the upward reserve (up),
the charging power can serve as downward reserve (dn), depending on their response times and

reserve capacity ratios. The energy level (Elevel sto) of storage at the t" time period is
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correlated with that at the t-1"" time period, as well as the charging and discharging power,
expressed in eq. (6.37). The charging decision (Cha_sto) and discharging decision (Dis_sto)

are conflicted with each other, expressed in eq. (6.38).

0 < Pcha_new_sto ;, < Pcha_ava_sto ;, eq.(6.26)
E_new_sto ;, = EPRpq; * Pcha_new_sto ;, eq.(6.27)
Pdis_new_sto ;, = E_new_sto ; ,/EPRy;s,; eq.(6.28)

0 < PinG_sto ;+, < Dis_sto ;,, * Pdis_eff_sto ; x Pdis_ava_sto ; ,,
eq.(6.29)
0 < PfmG_sto ., < Cha_sto ;. , * Pcha_ava_sto ; , / Pcha_ef f_sto ;
eq.(6.30)
0 < revl_up_sto ;., < revl_up_ratio_sto;, = Pdis_ava_sto ;,
eq.(6.31)
0 < revl_dn_sto ;;, < revl_dn_ratio_sto; , * Pcha_ava_sto ;,
eq.(6.32)
0 < rev2_up_sto ., < revZ_up_ratio_sto; , * Pdis_ava_sto ;,
eq.(6.33)
0 < rev2_dn_sto;,, < rev2_dn_ratio_sto;, * Pcha_ava_sto ;,
eq.(6.34)
0 < PinG_sto ;;, + revl_up_sto ;,, + revi_up_sto ., < -
Pdis_eff_sto ; * Pdis_ava_sto ;, eq.(6.35)
0 < PfmG_sto ., + revl_dn_sto ;,, + rev2_dn_sto ., < -
Pcha_ava_sto ;, / Pcha_ef f_sto ; eq.(6.36)
Elevel_sto ;,, = Elevel_sto ;s_1,+ PfmG_TG ;;, * PCh'aeffstoi — Pdis_eff_sto ;/
PinG_sto ;;, — Eloss_sto ;¢, eq.(6.37)
Cha_sto ;;, + Dis_sto ;;, <1, eq.(6.38)
where, cha — the charging process, dis - the charging process, eff — the efficiency, EPR —energy

to power ratio, Eloss — the energy loss.
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6.4.2.5 Balance constraints

The power and thermal demand and supply should be balanced at each time step, eq.
(6.39) expresses the power balance, meaning the power generated by thermal generators,
renewables and storages minus the power stored by electric storages and the power consumed
by heat sectors equals to the electricity demand. eq. (6.40) expresses the heat demand, meaning
the heat demand is met by the heat power generated by heat generators and heat storages minus

the heat power stored in heat storages.

PinG_TG ;, + PinG_Rew  , + PinG_sto , —
PfmG_sto ., — HG_ele_need ., = Demand_ele, ,, eq.(6.39)
PinG_HG ., + PinH_sto . ,— PfmH _sto ;, = Demand_heat, , eq.(6.40)

6.4.2.6 Optimization objective

The optimization objective is to minimize annual total cost (eq. (6.41)), including the
amortized capital cost, fixed and variable operational and maintenance cost of conventional
electricity generators, renewables, storage technologies and heat generators, as well as

curtailment penalty and CO- tax, expressed as in eq. (6.42) — eq. (6.49).

Obj = Inthot,TG + Inthot,Rew + Inthot,sto +
+ Inthot,HG + Inthot,Hsto + COStcur,Rew + COSttax,COZ

eq.(6.41)

InvCeorrg = Xieq™ (Amfrg CAPEXrg; + FOMrg; + VOMrg )
eq.(6.42)

Inthot,ReW = Zliv=u1m2(AmeG,iCAPEXReW,i + FOMReW,i + VOMReW,i)

eq.(6.43)

Inthot,sto = Z?]:ulmg(Amfsto,iCAPEXsto,i + FOMsto,i + VOMsto,i)
eq.(6.44)

InvCiorpe = Niod"*(AmfyciCAPEXyg ;i + FOMyg; + VOMyg )
eq.(6.45)
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Invctot,Hsto = Z?:uFS(Amesto,iCAPEXHsto,i + FOMHsto,i + VOMHsto,i)

eq.(6.46)

CAPEXs, = Y. CAPEX o cna + CAPEX 0 qis + CAPEX i eng
eq.(6.47)
Costeyrtrew = Ceurt,rewP_CUTT_REW o4, eq.(6.48)
Costiax,coz = Ctax,c026MStot,coz» eq.(6.49)
Amf = %, eq.(6.50)
LCOE = MYCrot+CoSteurt Rew+Costaxcoz eq.(651)

elecot.ann

LCOH = M¥Ctot*Costeurtrow+Costiaxcos eq.(652)

heattot,ann

where, obj — the optimization objective, InvC — investment cost, Cost — the incurred cost, C —
the price cost. CAPEX — the capital expenditure, FOM — the fixed operational and maintenance
cost. VOM - the variable operational and maintenance cost, eng — the energy capacity of
storages. curt- the curtailed energy, ems — emissions, CO2 — carbon dioxide, tot — total, Amf —
the amortized factor of a generator. Num — the number of generators, 1 - 5 — differentiate
different generator set, IR — the interest rate. Lf — the lifetime of a generator, LCOE — levelized

cost of electricity, LCOH — levelized cost of heat, ann — annual production
6.4.3 Model validation

The energy expansion model ‘GenX’ was developed by Jenkins and Sepulveda [319].
A case study in Italy has been investigated based on ‘GenX’ model already by Jafari et al. [303],
in which the current thermal power plants and renewables, as well as two types of storage
technologies (PHES and battery storage), as well as their technical and economic
characteristics were considered. After a whole-year simulation and optimization, the optimal
power capacity and annual generation were obtained. Referring to the techno-economic data
of generators, as well as the demands and renewable profiles from the work of Jafari et al.
[290,303], the extended model developed by this study was applied to the run the simulation
for ~500 h (limited by the gained input profiles). The results were obtained and compared with
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those of 2030 case of Jafari et al. [303]. The comparison was shown in Figure 6.6. It can be
seen that the installed capacities and hourly generation of different generators were roughly in
consistent with the results in [303]. But the major differences lie inthe major the onshore wind
power capacity (32.8 GW (this study) vs. 23 GW [303]) and its generation profile, as well as
the installed capacities of CCGT, OCGT and Biomass generators This can be explained by the
differentsimulation durations, as only 500 h of simulation was conducted in this study due to

the limited input data accessed
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Figure 6.6. The validation results of the case study in Italy

6.5 Results and discussions

6.5.1 Different pathways for a net-zero carbon energy system

6.5.1.1 The effects of different pathways on power sector

As has been stated in section 6.3.4, there are seven de-carbonization pathways
(scenarios or cases), the optimization results in power sector were shown in Figure 6.7 and

Figure 6.8. As can be seen in Figure 6.7, in base case 1 (hon-decarbonization, non-coupling
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and no CO; tax), the installed capacity of CCGT (37.4 GW) is less than that of renewables
(70.8 GW), the total CO> emissions were ~140 million tons. Case 2 showed less installed
capacity of CCGT but more capacities of CCGT-CCS (9 GW), onshore wind power (46.4 GW)
and solar power (25 GW), which is mainly due to the minor effect of the imposed CO- tax.
From an electricity generation view in Figure 6.8, in case 1 and case 2, half electricity
generation is from conventional generators (CCGT, OCGT and CCGT-CCS), and another half
is from renewables. The renewable share only increased from 51.7% (case 1) to 55.8% (case
2).

In order to achieve a nearly 100% renewable power system and a net-zero carbon heat
system without storage technologies in case 3, renewable generators’ capacities were increased
by 2.94 times (Figure 6.7), amounting to 245.4 GW. 31.9 GW of biomass plants provide 42.1%
of electricity generation, and 213.4 GW of wind and solar power provides 51% of electricity,
the rest installed capacity is 58.4 GW of CCGT to provide flexibility together with biomass
plants. But when storage technologies were added on the base of case 3, the total installed
capacities of thermal generators decrease by 16.3% in case 4. It is mainly due to that storage
technologies can replace CCGT and biomass plants to provide system flexibility, and can also
absorb large amounts of wasted renewable energy, the renewable curtailment ratio is reduced
from 37.1% (case 3) to 9.2% (case 4). To be noted, as the renewable ratio is not exactly 100%
(>99%), thus, there are still ~15-48 million tons of CO2 emissions in case 3 and case 4 (Figure

6.8).
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Figure 6.7. The installed capacity of electricity generators of different scenarios

Case 5 represents a net-zero carbon power system and a net-zero carbon heat system
without storage expansion. It can be seen from Figure 6.7 that the total renewable capacities
are 196.4 GW. The CCGT-CCS (65 GW) and OCGT-CCS (29 GW) plants are installed to
achieve net-zero carbon emissions in power sector, both provide about half of electricity
generation shown in Figure 6.8. Biomass plants does not run frequently, as the fuel cost of
biomass is much higher than that of NG . When there are storage technologies added on base
of case 5, the total installed capacities of generators are reduced by 30.5% in case 6. The
installed capacities of CCGT-CCS, OCGT-CCS, onshore wind power, solar power and
offshore wind power were 37 GW, 16 GW, 94.5 GW, 38.7 GW and 14.4 GW respectively. The
renewable curtailment ratio is reduced from 41.7% to 7.3%, it means energy stores can help
firm more renewable energy (renewable generation 74.2% in Figure 6.8), to meet peak power

and provide flexibility.
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Figure 6.8. The annual generation capacity of electricity generators of different scenarios

Case 7 was developed on the base of case 6, the heat hydrogenation rate increases from
0 to 50%. From Figure 6.8, the total installed capacity of thermal generators is reduced further
by 14.8%, as more H> boilers are used in heat sectors. The operation of heat pumps and their
electricity consumption are reduced significantly, which requires less electric generators and
electricity. Overall, the major power expansions lie in onshore wind power, solar power,
CCGT-CCS and OCGT-CCS, to build a future net-zero carbon power system. It also clearly
shows the crucial roles of storage technologies in absorbing large share of renewables and

reducing curtailment, as well as providing system flexibility and operating reserve, to reduce

the total generator installed capacities.
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6.5.1.2 The effects of different pathways on heat sector
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Figure 6.9. The installed capacity of heat generators of different scenarios

The heat sector results under different scenarios are shown in Figure 6.9, Figure 6.10
and Figure 6.11. Figure 6.9 shows the installed capacities of heat generators under different
scenarios. It can be seen that gas boilers are the major heat generators when there is no heat
decarbonisation requirements (case 1 and case 2), of which installed capacities amount to over
130 GW in total. However, for a net-zero carbon heat energy system (case 3 — case 6), gas
boilers are disused to reduce carbon emissions, the largest share (~80 — 90 GW) of heat
generator is ASHP. Other generators, including GSHP, electric heaters and biomass boilers
account for the similar share (~ 30 GW). To be noted, the expansion capacity of GSHP was
constrained due to its large land occupation. The installed capacities of district heat network

depend on the waste heat from electricity generators (CHPs), varying between 10 GW and 20
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GW. But when there is 50% of heat hydrogenation rate in case 7, the installed capacities of H»
boilers increase to ~120 GW, while those of ASHP and GSHP are reduced significantly to
supply the base heat demand. The short-term heat storage (domestic application) also would
play a crucial role due to its low cost and capability to provide heat system flexibility, its

installed capacities are about 20 GW.
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Figure 6.10. The annual generation capacity of heat generators of different scenarios
Accordingly, from a heat generation view in Figure 6.10, gas boilers produce 150 TWh
and 310 TWh of heat in case 1 and case 2 as the major generators, there is almost no generation
from ASHP in case 2 due to its lower efficiency and higher electricity consumption than those
of GSHP. From case 3 to case 7, the heat generations from ASHP and GSHP present the similar
share, as GSHP is used as the base heat generators and ASHP serves as the peak heat generators.
There is only a small portion of heat generation from electric heaters and biomass boilers due

to their high fuel consumptions (electricity and biomass) and high fuel costs, which just serve
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as back-up generators. Another big part of heat generation comes from the district heat network,
to recover wasted heat energy from CHP units and to reduce system operational cost (fuel cost).
In case 7, Hz boilers provide about 117 TWh of heat energy, they only serve as the peak electric

generators due to the lower efficiency and higher price of H; in 2050.
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Figure 6.11. The fuel consumption of heat generators of different scenarios

From the heat fuel consumption view in Figure 6.11, it can be seen that the total fuel
consumptions in case 1 (~350 TWh) and case 2 (490 TWh) are close to the heat generation
capacities, in which the majority of fuel is NG (70% - 90%). But the total fuel consumption is
reduced remarkably from case 3 to case 6. It is mainly due to that the COP of ASHP (2.3~3)
and GSHP (~3.2) can help reduce the electricity consumption significantly, accordingly, the
electrification rates of these cases are all over 83% (highest at 94% in case 5). The
electrification and hydrogenation rates in case 7 are 50% respectively, the total hydrogen

consumption in heat sector is ~135 TWh.
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6.5.1.3 The economic performance of different pathways

Compared the annual investment costs, LCOE and LCOH of seven scenarios, the
results are shown in Figure 6.12. When there is no decarbonisation in case 1 and case 2, the
major annual investment costs are from electricity and heat fuel costs, as thermal generators
and gas boilers consume large amounts of NG, the rest comes from the operational costs of
conventional generators. The LCOEs of these two cases are also the lowest at 52.3 £/MWh and
58.5 £/MWh respectively. From case 3 to case 7, half of the annual expenditure is mainly spent
on increasing the capacities of renewables (rising by 1.5 - 2.5 times than the base case) and
zero-emission generators. These include the biomass plants in case 3, CCGT-CCS and OCGT-
CCS in case 5 and case 6, as well as ASHP and GSHP from case 3 to case 6, and Hz boilers in
case 7. The annual investments and LCOEs present the highest value in case 3 and case 5, as
there are no energy storage expansions, which reduce the cost-effectiveness of the newly
installed renewables. But in case 4 and case 6, when only ~10-12% of investments are made
on storage technologies, the annual total costs are reduced by ~28% and 15.1% respectively,
accordingly, the LCOEs decrease from 133.1 £/MWh (case 3) to 63 £/MWh (case 4), and from
126.7 £/MW (case 5) to 82 £/MWh (case 6) respectively. The LCOHSs from case 1 to case 6
vary slightly between 40.1 £/MWh to 47.2 £/MWHh, but increases to 63 £/MWh in case 7, which
is mainly due to the high hydrogen consumption and cost (Hz price at ~130 £/ MWHh). To be
noted, the LCOE of a net-zero carbon power system (case 6) is higher than that of a 100%
renewable power system (case 4), it is mainly due to that the renewable power ratio in case 4
is not exactly 100% but 99%, resulting in a small amount of generation and CO, emissions
from CCGT. But overall, a future 100% renewable (net-zero carbon) power system and a net-
zero carbon heat system are affordable with LCOE at 65~80 £/ MWh and LCOH at 45~63

£/MWh.
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Figure 6.12. The annual investment cost, LCOE and LCOH of different scenarios

6.5.1.4 Renewable deployment in different zones

The Figure 6.13 clearly shows the renewable development in different zones and
curtailment capacities in the future, as there are different distributions of renewable resources
in three zones, the average renewable capacity factors in three zones are shown in

Table 6.9. It can be seen that onshore wind (~8-10 GW) and offshore wind power (~ 5
GW) are mainly installed to provide renewable electricity to decarbonize zone 1 (Figure
6.13(a)), there is almost no solar power expansion due to its low capacity factor in this zone.
But in zone 2 (Figure 6.13(b)), overall, the installed capacities of solar power are comparable
(casel, case 2, case 4 and case 6) with (case 3, case 5 and case 7) those of onshore wind power
due to its relatively lower onshore wind capacity factor. Obviously, the storage technologies in

case 4 and case 6 help enhance the installed capacities of onshore wind power significantly,
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but the offshore wind power capacities are only ~5-10 GW due to its high capital and

operational costs.
Table 6.9. The average capacity factor of renewables in different zones
Renewable Renewable Renewable
capacity factor Value  capacity factor Value capacity factor Value
onwd_avg_z1 0.41 solar_avg_z1 0.11 ofwd _avg_z1 0.484
onwd_avg_z2 0.329 solar_avg_z?2 0.12 ofwd_avg_z2 0.491
onwd_avg_z3 0.343 solar_avg_z3 0.13 ofwd avg z3 0.433
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Figure 6.13. The renewable development in different zones

In zone 3 (Figure 6.13(c)), the installed capacity of onshore wind power is remarkably

higher than those of solar and offshore wind power, which amounts to ~ 90 — 115 GW (case 3
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to case 5). It is due to the relatively higher onshore wind capacity factor in this zone and its low
capital and operational costs, leading to almost no solar and offshore wind power expansion on
the existing capacity. To be noted, when storage technologies are added in zone 3, the total
renewable capacities are reduced significantly from around 133 GW (case 3 and case 5) to 100
GW (case 4) and 55.6 GW (case 6) respectively. It can be explained by the renewable
curtailment in Figure 6.13(d), large amounts of renewable curtailments occur in case 3 and case
5 in zone 3, which also means much more wasted renewable energy. But the curtailments can
be reduced by 80-95% when storage technologies were added in case 4 and case 6 in this zone.
But in zone 1, the annual renewable curtailments are below 15 TWh due to its low renewable
expansion capacities. In zone 2, the annual curtailments are high at around 55 TWh when there
are no electricity storages, but can be reduced to below 20 TWh when storages are added into

the system.
6.5.2 The analysis of different storage technologies

In this study, in case 1, only PHES was included in the power system, it was seen as
the base case and assumed there will be no PHES expansion due to geographical constraints.
In case 4, case 6 and case 7, other three types of electricity storage technologies were included
to help manage large share of renewables, they are battery (BAT), LAES and hydrogen storage
(H2S), which have different charge/discharge durations, costs and RTEs (seen from Table 6.6).
Two kind of heat storage technologies were considered, they are short-term and long-term heat
storages, which feature different charge/discharge durations, costs and RTEs (seen from Table
6.7).
6.5.2.1 The total capacity expansion of LAES and other storages

From Figure 6.14, it can be seen that the major storage expansion lies in LAES in power
sector and the short-term heat storage in heat sector. For a 100% renewable power system (case

4), the invested total electric storage energy capacity and discharge power capacity are 541.85
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GWh and 49.2 GW, in which LAES is 492.4 GWh (discharge power capacity is 41 GW if
discharge E/P ratio is 12 h), PHES is 29 GWh (discharge power is 2.9 GW if the discharge E/P

ratio is 10 h), and battery is 20.4 GWh (discharge power is 4 GW if the discharge E/P ratio is

5 h).
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Figure 6.14. The capacity expansions of LAES and other storages (Hsto short stands for heat store for short time

period)

For a net-zero carbon power system, the invested total storage energy capacity is 439

GWh, in which LAES is 384 GWh (discharge power capacity is 32.1 GW), PHES is 29 GWh
and battery is 25.6 GWh (discharge power was 6.2 GW). When the heat electrification rate is
50%, the invested total storage energy capacity is 152.3 GWh, in which LAES is 108.3 GWh
(discharge power is 9.1 GW), PHES is 29 GWh, and battery is 15 GWh (discharge power is
4.1 GW). There is no investment in Hy storage for storing electricity due to its characteristics

with too long charge and discharge durations, as well as the selected representative demand
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profiles. In heat sector, it is advantageous to build short-term heat storage (~30 GW power
capacity and 330 GWh energy capacity in total) as much as possible to help save more heat
fuel cost, as its charge and discharge duration fit in well with the daily heat demand variation

characteristics (to be charged at low heat demand at night, and to discharge at high heat demand

at daytime).
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Figure 6.15. The power and energy investment costs of LAES and other storages

There are two reasons explaining why there are large amounts of investment in LAES:
1) its charge and discharge E/P ratios match well with the wind power curtailment pattern and
daily variation in electricity demand. When the electricity demand is low but wind power
prevails at night, wind curtailment normally sustains for about tens of hours, the excess wind
energy can be accommodated by large storage tanks of LAES. The stored energy can be
injected back into the grid when low wind power occurs for tens of hours; 2) the specific
storagetank cost of LAES (19.5 £/kWh) is much lower than that of battery (212.5 £/kWh),
which facilitates the investment in LAES especially for the applications where large energy

capacity is needed. This can be clearly seen from Figure 6.15. For battery, its energy capacity
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costs (~ million £ 400 — 700) are much higher than its power capital costs (~ million £ 96 —
160) in all cases. But for LAES, its power investment costs are about million £ 5173, million
£ 4038 and million £ 1138 for case 4, case 6 and case 7 respectively, which are all more than
6 times of its energy capital costs (million £ 184 —836). For short-term heat storage, the capital
expenditure is mainly spent on its energy capital cost, which is about million £ 700, the power
capital cost is neglected.
6.5.2.2 The zonal capacity expansion of LAES and other storages

Figure 6.16, Table 6.10, and Figure 6.17 show the expansion capacity and generation
of various storage technologies in different zones. Case 1 is the base case without storage
expansion, there are only the existing capacities (Figure 6.16 and Table 6.10) and generations
(Figure 6.17) of PHES, battery and short-term heat storage. But in case 4 and case 6 in all three
zones in Figure 6.16, it shows that the newly installed storages are mainly LAES and short-
term heat storage, it is due to large renewable deployment in these two cases, the new capacities
of LAES are proportional to the renewables’ capacities to capture the excess onshore wind

power.
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Figure 6.16. The installed discharge power capacities of LAES and other storages in different zones

Quantitatively in Table 6.10, the capacity ratio of LAES and renewables in case 4 is
about 16.2% (16.7 GW, zone 2) - 21.7% (21.9 GW, zone 3), and in case 6 is around 19.9%
(15.5 GW, zone 2) — 24.8% (13.8 GW, zone 3), case 6 has lower installed renewable capacities
than case 4. However, the capacity ratio of LAES to renewables in case 7 is ~ 5.6% (2.6 GW,
zone 3) — 7.8% (5.6 GW, zone 2) due to significantly lower renewable deployment capacities.
For battery, the capacity expansions in case 4 and case 6 in three zones are remarkably less
than those of LAES due to its high cost and short charge durations. The new capacities of
battery in zone 1 are all higher than those in other two zones in all cases. It is due to that the
installed battery in zone 1 is enough to deal with renewable curtailment and add system
flexibility considering the low renewable deployment and demands in zone 1.

Table 6.10. The discharge power capacity expansion in different zones and cases (unit: GW)

\ Storages zonel zone2 zone3 \ zone 1 zone 2 zone 3
case PHES 0.74 0.00 2.16 4 0.74 0.00 2.16
case
1 BAT 0.20 0.40 0.50 1.01 2.40 1.77
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LAES 0.00 0.06 0.00 2.49 16.71 21.88
Short heat store 3.61 8.09 8.71 3.73 14.60 15.00
Renewable 8.12 25.38 37.35 102.9 100.9
; 14.32
capacity
LAES/renewable 0 0 174%  162%  21.7%
capacity ratio
PHES 0.74 0.00 2.16 0.74 0.00 2.16
BAT 0.83 2.40 3.00 1.20 2.40 0.50
LAES 2.78 15.53 13.78 0.94 5.59 2.56
case  Short heat store 3.73 14.60 13.69 case 7 3.73 14.60 15.00
6
Renewable 13.87 78.10 55.65 1212 71.22 45.60
capacity '
LAES/renewable 100 19904 24.8% 7.7% 7.8% 5.6%

capacity ratio

From the storage generation view in Figure 6.17, in case 4, the annual energy generation

ratio of LAES to total generation from storage in zone 1, zone 2 and zone 3 are 55%, 85% and

80%. There are large amounts of onshore wind power installed in zone 2 and zone 3 to meet

99% of renewable ratio, leading to more wind energy capture and generation from LAES in

these two zones. Similarly, in case 6, the annual energy generation ratio of LAES in zone 1,

zone 2 and zone 3 are 42.7%, 78% and 59.3%, but more generation from PHES and battery

can be seen. In case 7, LAES generation ratio in zone 1, zone 2 and zone 3 are 27.2%, 76.2%

and 36.9%, as the installed power capacities of renewable and LAES are reduced significantly,

PHES and battery are more often used to help absorb and discharge excess renewable power

and provide system flexibility.
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Figure 6.17. The annual storage generation in different zones

6.5.3 Sensitivity analysis

6.5.3.1 Different heat hydrogenation rate

Figure 6.18 showed the effects of different heat hydrogenation rates on system costs.
With the hydrogenation rates increasing from 20% (sensitivity case 1) to 50% (sensitivity case
2) to 90% (sensitivity case 3), the installed capacities of Hz boilers increased from 86 GW to
163 GW, it brings about more hydrogen fuel cost (heat fuel cost) and higher LCOH (varying

from 55.8 to 63 to 89.7 £/MWh) in Figure 6.18.
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Figure 6.18. The effects of different hydrogenation rates on system costs

While the capacity of ASHP decreases from 48.6 GW to 2.8 GW, it leads to less
electricity consumption, and less renewable electricity shift from electricity sector to heat
sector. Thus, it results in less the annual investment costs on renewables and electricity storages.
More electricity produced by CCGT-CCS and OCGT-CCS result in higher electricity fuel cost
and higher LCOE, rising from 69 to 70 to 99.8 £/MWh. It is concluded that higher heat
hydrogenation rates would lead to higher system costs, LCOE and LCOH, unless the hydrogen
price can be reduced to a lower value, like as cheap as NG. Meanwhile, higher heat
hydrogenation rates would weaken the coupling of electricity and heat networks, and reduce
the reply upon electric and heat storage systems.

6.5.3.2 Different storage duration

Figure 6.19 shows the effect of different storage durations on storage capacities and

renewable generation. In sensitivity cases 4, 5, 6, the charge/discharge durations of battery and
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LAES are shown in Figure 6.19, ‘LAES 6/12 h’ means the charge/discharge durations of LAES
are 6h and 12h. It can be seen that the battery capacities decrease with the charging durations
increasing in zone 1 and zone 2 in all sensitivity cases, and does not change obviously in zone
3, it indicates that battery performs better at short durations. For LAES in zone 2, its energy
capacity expands from 102.6 GWh (sensitivity case 4) to 160 GWh (sensitivity case 5), and
then shrink to 121.7 GWh (sensitivity case 6), but in zone 3, the energy capacity of LAES
constantly rises from 80.8 GWh to 132.6 GWh to 162.4 GWh. It indicates the optimal
charge/discharge E/P ratio of LAES is 8/14 h in zone 2, but is 10/15 h in zone 3, which depends
on the renewable profiles and wind curtailment patterns in these two zones. However, different
storage durations do not affect too much on system annual investment costs and LCOEs (72.8
£/MWh (case 4), 68.6 £/MWh (case 5) and 68.9 £/MWh (case 6)). This sensitivity case study
suggested that battery is more suitable for short-duration application (~4/5h), while the
durations of LAES can be tailored depending on the renewable profiles. For the wind-
dominated case in the UK, the more suitable charge and discharge durations of LAES are 8~10

h and 14~15 h respectively..
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Figure 6.19. The effect of different storage durations on storage capacities and renewable generation

6.6 Summary

This part of work aimed to assess different decarbonisation pathways and theirtechno-
economic performances for the UK by 2050. In order to achieve this, a MILP-based energy
expansion model was developed based on ‘GenX’ model. The model is capable of determining
the expansion capacities, commitment and operational capacities of different electricity and
heat generators and energy storage technologies in different zones. Upon this country-level
energy system design and operation framework, seven decarbonisation scenarios were
proposed, optimized and discussed to assess both the technical and economic feasibility. A
particular focus was put on the expansion planning and investment of renewables and storages

in different zones. The sensitivity analyses of different hydrogenation rates in heat sectors and
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energy storage durations were also discussed to reveal their effects. Overall, the major
conclusions are drawn as the following ones:

a) To build a future net-zero carbon power system, the optimal expansion capacities
lie in onshore wind power (94.5 GW), solar power (38.7 GW), offshore wind power (14.4 GW),
CCGT-CCS (37 GW) and OCGT-CCS (16 GW), there is a need to cut down the investment
cost of offshore wind power to increase its attractiveness.

b) To build a future net-zero carbon heat system, gas boilers will be disused, the major
expansion capacity is in ASHP (~80 - 90 GW), other heat generators, including GSHP, electric
heaters and biomass boilers account for the similar share (~ 30 GW). The district heat network
capacity varies between 10 GW and 20 GW depending the coupling of heat and electricity
sectors. However, higher heat hydrogenation rates would lead to higher system costs, LCOE
and LCOH, unless the hydrogen price can be reduced to a lower value, like as cheap as NG.
Higher hydrogenation rate would also weaken the coupling of electricity and heat networks,
and reduce the reply upon electric and heat storage systems.

c) The crucial roles of storage technologies elaborate in its capability of absorbing large
share of renewables, reducing curtailment, as well as providing system flexibility and operating
reserve, to reduce the total installed generator capacities and system costs. When only ~10-12%
of investments were made on storage technologies, the annual total costs were reduced by
~15.1%-28%. For a net-zero carbon power and heat system, the major storage expansions are
LAES (384 GWh) and short-term heat storage (330 GWh).

d) The newly deployed renewable capacities in different zones depend on the relative
renewable capacity factors, their investment costs and storage capacities. The installed
capacities, optimal E/P ratios and generation of storage technologies in different zones depend

on the daily electricity and heat demand profiles, as well as the renewable capacities and
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curtailment patterns. Specifically, the LAES and renewable capacity ratio for a net-zero carbon
power system is around 20%.

e) A future 100% renewable (net-zero carbon) power system and a net-zero carbon heat
system are techno-economically feasible, which can be affordable with LCOE at 65~80
£/MWh and LCOH at 45~63 £/MWh. The durations of LAES can be tailored depending on the
renewable profiles, the more suitable charge and discharge durations are 8~10 h and 14~15 h

for the wind-dominated case in the UK.
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7 Conclusion and recommendations

7.1 Major conclusions

The thermo-economic multi-objective optimization of the stand-alone LAES system by
using GA can determine the optimal design and operational parameters of LAES systems. The
optimal charging and discharging pressure, as well as the optimal inlet and outlet temperature
of air-propane cold box can be obtained. These parameters can further indicate the optimal heat
transfer areas of coolers, heaters, cold boxes and evaporators, as well as the optimum mass
flow rates of propane, methanol and thermal oil. The optimization can directly provide
guidance in selecting system design and operational parameters under different system
configurations and scenarios. The Pareto Front of RTE and capital cost obtained from the multi-
objective optimization of LAES can provide the proper investment advice for system operators.

The dynamic simulation based on the dynamic models of LAES system is crucial to
understand its practical operational behaviour and control strategy. After investigating the
dynamic characteristics of a LAES discharging unit when integrated with a wind farm, it
concluded that the LAES system is more suitable for responding to the wind power component
varying at a time scale more than 100s, which leads to less power tracking errors,smoother
speed adjustment, and less turbine motor fatigue. The economic comparison of different
combined storage schemes also indicated the suitable storage system for different scales of
wind farms. Overall, the annual cost of full battery storage is always higher than that of the
combined LAES and battery storage system for wind farms. LAES with Lead-acid battery is
more suitable for small-scale wind farms, while LAES with VR flow battery is more suitable
for large-scale wind farms.

The developed MILP-based design and optimization framework of a hybrid renewable
micro-grid (HRMG) can help determine the optimal components (including LAES units) and
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their sizes for the micro-grid, to minimize the investment costs and CO, emissions. In HRMG,
LAES can help provide multiple functions, including the time shifting, renewable firming, peak
shaving, flexibility and reserve value, as well as the waste heat recovery, the percentages of
these value streams and their interactions within the HRMG have been clearly identified. The
total profit of the LAES is 8.2% higher than that of battery storage with the same investment
cost. It clearly demonstrated the key role of LAESs and its attractiveness in supporting the
future HRMGs with high renewable share.

The MILP-based energy expansion model of a country-level energy system was

developed to assess the techno-economic performance of different decarbonisation
pathways for the UK by 2050. The model can determine the expansion capacities, commitment
and operational capacities of different electricity and heat generators and energy storage
technologies in different zones. To build a net-zero carbon power and heat system, the optimal
expansion capacities lie in onshore wind power (94.5 GW) in power sector and ASHP (~80 -
90 GW) in heat sectors. The LCOE and LCOH of such a system are at 65~80 £/ MWh and
45~63 £/MWHh respectively.

The crucial roles of storage technologies especially LAES lie in its capability of
absorbing large share of renewables, reducing curtailment, as well as providing system
flexibility and operating reserve, to reduce the total installed capacities of generators and
system costs. When only ~10-12% of investments were made on storage technologies, the total
annual costs were reduced by ~15.1%-28%. For a net-zero carbon power and heat system, the
major storage expansions are LAES (384 GWh) and short-term heat storage (330 GWh). A
LAES system with the charge durations at 8~10 h and discharge durations at 14~15 h is more
suitable for the wind-dominated case in the UK than short-duration batteries (~4/5h). The

capacity ratio of LAES to renewables for a net-zero carbon power system is around 20%.
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7.2 Future research recommendations

The future recommendations for studies in the LAES area include:

a) The thermo-economic multi-objective optimization of different hybrid LAES
systems and more complex systems are needed, to provide guideline on system design and
operational parameters to minimize system costs and environment impacts.

b) The energy capacity and time response optimization of different LAES systems for
different wind farms, as well as the studies about detailed dynamic characteristics and
development of alternative control strategies for the LAES system, like the combined pump
and inlet valve control method, are needed to promote the deployment of LAES in practical
case.

c) Other potential benefits of LAESs in hybrid renewable micro-grid, like the
investment deferral of the network, increasing system stability and avoiding equipment fatigue,
as well as stabilizing renewables and other profounding environment benefits should be
investigated and quantified in the future.

d) The uncertainties in the assumptions in technology costs, energy costs, future
renewable and demand profiles of the MILP design framework should be considered and
studied. The expansion of transmission system, the transport sectors and coupling, the demand
response including the electric vehicles and domestic applications should be included in the

net-zero carbon energy system design in the future.
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Supplementary materials A

Al Components models in hybrid renewable micro-grid

Al.1 Decoupled liquid air storage model

Al.1.1 The model of air turbines

The stored liquid air is drawn from tanks to expand through multi-stage turbines to
produce power. As users’ loads varying, turbines would work at part-load conditions. Thus,
the off-design turbine model with simplified assumptions are explained as follows:

a. Three stages of air turbines were adopted to achieve full isentropic expansion. The
rotational speed was controlled to be constant at the nominal speed by PID controller [239].

b. The inlet temperatures of turbines are kept constant at around 195 °C via controlling
the volume of heat transfer fluid [199], which comes from the waste compression heat of LAES.

c. The head control strategy of variable-speed pump to maintain the inlet pressure of
turbines nearly constant, the mass flow rate varies with the rotating speed of the cryogenic
pump [233].

The operation of each turbine is described by the reduced characterized performance

parameters and Flugel formula [236], shown as in eq. (A.1) - eq. (A.7).

RPr(8) = e = F (G S T ea(AD)
n"TL =(1-t1-n)?)= (2 - :T) eq.(A.2)

n = % eg.(A.3)

= Zin eq.(A.4)

m = % eq.(A.5)

m = mpi:i” eq.(A.6)
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— mTr _ M ﬁTrz_1
RMTr(t) B My, B a\l Tin \JBTT,OZ_I eq(A7)

where, the subscripts 0 — the design state, in — inlet state, Tr — expansion turbine, the
superscripts ‘'‘ means the normalized parameters, ‘-> means the reduced parameters, W- the
power output, i — the mass flow rate, T- the temperature, n- the isentropic efficiency, P —
pressure, RP — the pressure ratio, RM — the mass flow rate ratio, - the expansion ratio, n — the
turbine speed.

Based on the assumptions and eq.(A.1) - eq.(A.7), a linear relationship relating RP,.(t)
to RM,.(t) was obtained, shown in eq. (A.8), the linearization was conducted via a linear
regression on the curve obtained, the coefficients a, b vary with the specified nominal

conditions.

RP;.(t) =a-RMg.(t)+ b eq.(A.8)

Al1.1.2 The model of air compressors

In LAES system, air compressors serve as the major component to draw power from
the grid or renewables, which work off the design conditions when absorbing intermittent
renewable energy. Thus, variable-speed motor of compressors were adopted to adapt to the
varying loads. Some assumptions were made before building the part-load performance of
compressors, explained as follows:

a. The power drawn by compressors was mainly affected by air flow rate, as the variable
speed control strategy was adopted to keep the discharge pressure at a specified small range
[320], accordingly the liquid yield ratio (the ratio of liquid air produced and total air mass flow)
was assumed nearly constant at 0.7 at charging pressure 10 MPa [204,212].

b. For the three-stage adiabatic compression process, the compression ratio is the same
for each stage [204]. The air compression heat was assumed to be partly used in the power

recovery process, and the excess part (20%-45%) was recovered for heat loads in campus [43].
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c. The co-axial counter intercoolers and after-coolers were adopted, the heat transfer
process is isobaric [44], the varying volume of cooling media kept nearly the same inlet
temperature for each stage compressors.

Similar to air turbines, two ratios were defined to describe the part-load conditions of
industrial air compressors, namely the air mass flow rate ratio RM. and power ratio RP, of
which regression linear correlation is expressed as in eq. (A.9) - (A.12), the coefficients p, q
were derived for typical compressors, but can vary with the specific compressor, the difference

is within 3% [320].

RM¢(t) = f(RPc(t)) = p-RP:(t) + q eq.(A.9)
RMc(t) = mmc—(fz) eq.(A.10)
RPc(t) = PPC—C(S) eq.(A.11)

Qrn(t) = Nnexttc(t)(heo — hein) = TNhex Pc(t)  €0.(A.12)
where, subscripts C — the compressor, 0 — the design state, rh — the recoverable heat, o — the
outlet state, in- the inlet state, h — the enthalpy, Q - the compression heat energy, hex- the heat
exchanger, n- the heat recovery efficiency of the heat exchanger, assumed as 0.9.

For air compressors and turbines, the manufacture data and the thermodynamic analysis of
LAES were referred to determine the nominal operating conditions, which were presented in the

work [42,44,45].

Al1.1.3 The model of liquid air tanks

For the air storage tank, it receives liquid air from the liquefaction unit and supplies liquid
air for expansion, at any time t, the storage volume Viakes (ms) is expressed in eq. (A.13) - (A.14),

which is bounded by the allowed minimum and maximum volume in eq. (A.14) [241].

Via(t) = Via(t — 1) + [0 TamD gp o8 Rac@ gy eq.(A.13)

PLA PLA
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Vmin < VLAES(t) < Vmax eq-(A-14)
where, V- the volume of liquid air tank (m®), 11,4 ;.- the liquid air inflow (kg/s), mi 4 .- the
liquid air outflow (kg/s), p,.4- the density of liquid air (kg/m3). Subscripts min — the minimum

level, max — the maximum level, t — the time.

Al.2 The model of gas engines
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Figure A.1. Relationship between the rated efficiency and electric output power

Multiple engines with power output less than 5 MW are preferable in this work, based on
the manufacture data [321-324] and the data sources from literature [325-328], the performance
of gas engines at part-load conditions, including the rated and part-load efficiencies, the
relationships among the normalized power output, fuel consumption and recoverable heat were
obtained through curve regressions [174], shown in Figure A.1 and Figure A.2, which are

expressed as eq. (A.15) - (A.17).
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Nrge = —1.731-1077 - P, cx% + -

2.566-1073- P, cr + 39.03

Pep(t) =1.13 0y " Qfge(t) —0.131- P g

Qrhce(®) = (Meot,6E — MrGE) " -

(0.94 - Q;p(t) +0.057 - ﬁ)

eq.(A.15)
eq.(A.16)

eq.(A.17)

where, subscripts r- rated parameters, GE- gas engine, P- electric power (MW), Qn - heat power

(MW), Qs - fuel power (MW), n — the efficiency.
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Figure A.2. Relationships between normalized electric output, fuel consumption and recoverable heat

A1.3 The model of heat pumps

Heat pump is now considered as one of key heating technologies for the 4™ generation

district heating network, it features the low running cost, high efficiency, and zero emissions

(electricity consumption from renewable energy) [329,330]. Besides, heat pumps also can be

reversed to supply cooling demand for houses in summer [331]. Thus, governments offers

attractive renewable heat incentives to encourage this heating technology [332].

Pyp(i,t) = COPyp(Tamp) * Pete(i, t)
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COPyp (Tams) = |

where, subscripts HP — heat pumps, amb — ambience, ele — electricity, COP - coefficient of

performance.

Except for these two key technologies in hybrid renewable micro-grid (HRMG), other
components, including gas boilers, electric chillers, solar PV and wind turbines, as well as heat
storage and battery, the key performance parameters, capital and O&M costs (operational and

maintenance cost) are shown in Table A.1.

2.8,

T ampb € cooling season

0.0329 * Typ + 2.0012, T, € heating season

Table A.1. Performance parameters of system components

eq.(A.19)

Life O&M cost Reference
Components Efficiency time/years Capital cost/E 1%*
Gas engine 869%(overall)! 15 6962.5 x Pr=0-164 [kw? 0.05 [326]
Gas boiler 85% 20 80/kwW 0.02 [264]
Electric chiller 2.8 15 1164.2 - P.”%8% kW 0.015 [264]
00329*Tamb+2
Heat pumps .00123 15 1319.4 - P.7%2%8 [kw 0.015 [264]
Air Pehano.s
compressor 85% 30 11406 = (=)™ 0.01 [221]
Pdisyo0.
Air turbine 85% 30 5653 * (1‘1—0)06 0.01 [221]
L Evoe6
liquid air tank / 30 1778 * (30 0.01 [221]
3
Solar PV 16.67% 30 900/kW Jyear/kW [333]
7.5
Wind turbines ° 30 1300/kwW lyear/kW [334]
95%
(charge/discha
Battery rge) 10 420/kWh 0.02 [262]
95%
(charge/discha
Heat storage rge) 20 10/kWh 0.02 [264]

1. Overall efficiency of gas engine means the summation of electric and heat efficiency;

2, Py refers to the rated power output of equipment.

3. Heat pumps efficiency is related to the outside temperature, the correlation was obtained from the curve

regression of manufacture data .

4, The operational and maintenance costs of equipment are considered as a fraction of its annual capital

cost .

5. Wind turbine overall efficiency includes aerodynamic efficiency, mechanical efficiency, and electricity

conversion efficiency.

A2 Input profiles and parameters
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A2.1 Demand profiles

Considering the seasonal climate conditions, the electricity, heat and cooling demands,
and ambient temperature present high similarities and repeatability, thus the average demand
profiles in four seasons (including the maximum demand and extreme conditions, like a
windless day with high electricity and heat demand) were selected from the whole-year campus
data in 2016. The cooling demand was estimated by considering the average cooling load in
the UK, the total office area and ambient temperature to demonstrate the reversible heat pump's
cooling function [172][335][336].

For the solar and wind energy available in the micro-grid, the capacity factor is used,
which means the availability of wind or solar energy for a specific hour at a certain location
and ambient temperature based on historical data. The solar and wind energy capacity factor,
as well as the ambient temperature were obtained from the authorized website
(renewables.ninja) [299]. As renewables do not display the repeating daily or weekly cycles,
in order to capture the variability and representative, a scale factor was used to scale up or
down the data to represent the average renewable capacity factor in each season [337], and the
weeks with the largest aggregated variations will be chosen as the representative ones, in order
to verify the flexibility of energy storage in the system [338]. A similar method was adopted to
select electricity price, which is greatly affected by renewables. The demand input profiles and

renewable capacity factors are shown as in Figure A.3-Figure A.6.
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Figure A.3. Representative electricity/heat/cooling demands in campus
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Figure A.5. Representative unit-rate electricity price and ambient temperature in campus
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Figure A.6. Daily grid carbon intensity in different seasons in the UK

A2.2 Other input parameters

As the campus micro-grid is connected to the national gas and electricity network, so
total bills of gas and electricity was considered. The retail gas prices were considered as
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constant separately during summer, intermediate and winter seasons, which were 1.04, 1.37,
and 2.22 p/kWh respectively [339,340].The emission factor of natural gas is 0.185 kg CO2/kWh,
and the average carbon intensity of the electricity grid in the UK is varying with time due to
different generators mix, which is shown in Figure A.6 [260]. The recommended carbon price
for the power sector in the UK is £ 0.018/kg CO2 since 2013 [341].

With regard to the electricity bills, for a university campus as a business case, the bill
is composed of five major parts by analysing the campus bill and referring to the data from
Ofgem [340], they include the wholesale cost (~60%), environmental obligation cost (~18%),
transmission cost (~10%), operating cost (~9%) and others (levies, ~3%). The wholesale cost
was charged based on the retail electricity prices shown in Figure A.5, and the demand charge
(1.1£/kVA/month) and transmission charge (218.6 £/day) also constitute the large parts in the
bill, the environmental obligation cost was charged by applying CO; tax in this study. The
yearly average electricity demand was 6.6 MW and the peak demand was 12.6 MW.

To achieve CO; emission reduction targets, renewable energy and clean technologies
were encouraged by governments by implementing renewable heat incentives (RHI) and Feed-
In Tariffs (FITs) policies, which were considered in this study. The commercial incentives were
2.69 p/kwh, 0.05 p/kWh, and 0.88 p/kWh for ASHP (7 years), solar PVs, and wind turbines
[342].

When a higher ratio of renewables penetrates the micro-grid, curtailments would occur
to keep demand and supply balanced, which is not expected, as it reduces the renewable
incentives, the cost-effectiveness of the wind farm and the environmental benefits. Thus, a
curtailment penalty was imposed, which was assumed as £ 80/MWh in the UK market [343].

In a highly-independent micro-grid with high renewable penetration, it is required to
keep enough operating reserve (surplus operating capacity) to respond to sudden load and

renewable variations. Generally, the operating reserve can be categorized into three types based
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on European guidelines [344], namely the primary reserve, the secondary reserve and the
tertiary reserve, depending on their response time and dynamics. In this study, the secondary
reserve value was set as 10% of hourly load and 15% of hourly wind power output [345]. The
charge for the reserve capacity was taken as 0.83 £/kW [260].

Considering the loss of power would occur accidentally, which would impose a heavy
economic loss on business and commercial parties, the loss of power penalty was imposed at a
rate of 17000 £/MWh [260]. In the system without reserve margin, the loss of power probability
(LOPP) should be less than the predefined loss of load expectation (LOLE, 3 hours/year),
which is aligned with the requirement of the UK grid security code [260]. While in the system
with operating reserve, the LOPP was expressed as the piece-wise linear function of capacity
margin at each time step, the aggregated LOPP should be less than LOLE [260] [346].

After all the input the parameters were introduced above, they were collected and listed

in Table A.2.
Table A.2. Model input ‘environment’ parameters
Components Parameters Data Unit
. Gas bill rates 1.04/1.37/2.22 p/kWh
Energy bill S ;
Electricity bill rates Fig.5. p/kWh
Renewable heat 2.69 (7 years) p/KWh
Incentives Solar PV 1.78 p/kWh
Wind power 0.88 p/KWh
Wind curtailment penalty 80 £/MWh
Penalty
Loss of power penalty 17000 £/MWh
NG CO2 emission factor 185 kg/MWh
CO2 related .
Carbon price 18 £t
LCOE 3 hours/year
Reserve related
Reserve charge 0.83 £/IkKW

A2.3 Search space of variables

For the MILP optimal design and operation, the capacity ranges of system components

were set for the MILP simulation, which are listed in Table A.3.
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Table A.3. Capacity ranges of system components

Components Capacity range Limits statement
Gas engines 1000-5000 kW Industry recommends
Electric chiller 500-2000 kW Cooling demand
Heat pump 500-2000 kW Industrial heat pump scale
Gas boiler 1000-5000 kW Industrial boiler scale
LAES 0-12000 kWh Maximum electricity demand
Battery 0-13000 kWh Maximum electricity demand
Hot water storage 0-10000 kWh heat demand and tank volume
Solar PV 0-3000 m2 Limited installation area
Wind turbine 0-400(number) Limited installation area

A2.4 Other performance indicators

The E/P ratio is defined as the ratio of stored energy (kWh) and the rated
charge/discharge power (kW), called charge/discharge (Cha/Dis) E/P ratio. It describes the
temporal characteristics of energy storage technologies. The recommended E/P ratio of the
battery is 4h and considered as short-term storage, while for PHES and CAES, the E/P ratio
are set as 7h and 16h [338]. But for the decoupled LAES, the ratio was not yet studied and
defined before, moreover, LAES is capable of providing different services in the electricity
market, like energy arbitrage, wind stabilization, short-term operating reserve, and fast reserve
[221], which require different E/P ratios.

ROI is defined as the ratio of net profit and investment cost, it is used to quantify the
effects of different E/P ratios of LAES on system economics, higher ROl means better cost-
effectiveness. To be noted, The capital costs of LFUs, PRUs, and storage tanks were estimated
based on the investment cost of a 10 MW of commercial LAES plant, the size scale factor is
0.6 [347]. The storage capacity and cost were added into the system exogenously before the
value streams of LAES were fully recognized. For the decoupled LAES system, when keeping the
rated energy capacity (6MWh) the same and increasing Cha/Dis E/P ratios, smaller LFUs and PRUs

with higher specific costs and longer working durations were applied.
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A3 MILP formulation methodology
A3.1 MILP algorithm description

The optimal design and operation framework for the micro-grid was formulated as a
hierarchical MILP model. It has two levels, namely the upper design level and the lower
operation level, introducing the binary variables, integer variables, and continuous variables to
represent the selection value, the selected number, other design and operational parameters. It

can be described in a general form in eq. (A.20)-(A.21) [348].

min(c'x + d"y) eq.(A.20)
Ax+By=»b eq.(A.21)
x>0€ RV~,y €{0,1}" eq.(A.22)

where, X represents continuous variable vector, y represents binary variable vector, A and B are
the corresponding constraints matrices, and b is the constraint known-term; Nx and Ny represent
the dimensions of x and y. ¢ and d represent the cost matrices for continuous and binary

variables.
A3.1.1 Decision variables

The decision variables were divided into three categories:

i. Design variables, including the selection value (S € R’), selected number (N € Z'er),
and rated size of system components (Des,,, € R'er) and storage devices (Dessy € R'sT).

ii. Operation variables, including on/off status (of € {0,1} Te»*T), operating modes
(M € {0,1}Ter*T), on/off number (of _num € Z Ter*T), input and output power (P;, €
R™T p, € R™T), as well as the storage level of storage technologies (SOC € R!s7>T), as well
as the imported electricity and gas energy (P, € R, P45 € RT).

iii. Auxiliary variables, which are used to linearize non-linear terms, and to combine

design variables and operation variables (Ax € Rler>J*T),
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A3.1.2 Bounded constraints

In the MILP formulation, the constraints of the problem are described as four categories:

I. Technical constraints, determining the conversion relationship of input and output
power, as well as other technical limits, like the efficiency, lifetime, minimum and maximum
load and the available installation space, which are based on performance curve and
manufactured data of equipment, as well as the first principle of energy.

ii. Operation constraints, representing the operation limits when equipment is running,
like ramp-up/down rates, minimum online/ offline time durations, optimal charge/discharge
rates, renewable curtailments and operating reserve margins.

iii. Economic constraints, including the capital cost and the O&M cost of system
components, amortized cost, CO; tax, renewable incentives, curtailment penalty, the unserved
load penalty and the revenue of energy storage devices.

iv. Power balance constraints, describing the balance between the power flow, heat flow,
and cooling flow at each time step based on the components output and the first principle of
energy.

These constraints are illustrated by different components separately as followings.

e Gasengine

Gas engines are used to produce electricity and heat simultaneously by consuming
natural gas. The constraints are described as in eq. (A.23) - eq.(A.24).

Electric power output:

Pgp(i,t) = 113 -1y 6 (D) - Qce(i, t) — 0.131P, (i) eq.(A.23)

Recoverable heat:

0.57-Pygg (D)

Nr,6e(0) ) ¢.(A.24)

Qe (i) = (Mear6s (D) = 1r,e (D) - (0.94 - Qp.06(1, ) +

Operational range:
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Pringe(i) * ofge(i,t) * Prgp(i) < Pep(i,t) < ofge(i,t) * Pogp(i)  €q.(A.25)
Ramp_up/down rate limits:
Pinge(it) < Pog(it) < Ppep(i, t) eq.(A.26)
Minimum online/offline duration:
onlineg (i, j, t: t,,) = onlinegp(i,j,t) — onlinegy(i,j, t — 1) eq.(A.27)
CO- emission constraint:
emsgy = X Qpap(i ) * emf eq.(A.28)
where, P — electricity power capacity, Q — heat power, online — the state of gas engines that are
in operation, ems — emission of CO,, emf — emission factor, i — the i equipment candidate, t —
the t time step, n - efficiency. Subscripts GE — gas engine, NG — natural gas, f — fuel
consumption, rh - recoverable heat power (MW), tot — total efficiency, r — rated power, up-
ramp up, dn — ramp down, on — online, min — minimum.
e Heat pump
Reversible heat pumps consumes electricity to produce heat or cooling power. They
can also be considered as a method to shift off-peak electricity to heat. The performance is
described in eq. (A.29) — (A.30), of which the correlation of coefficient of performance (COP)
with ambient temperature (T,,,,;) Was obtained from the regression.

QHp(i' t) = COPHP (Tamb) ) Pele (i' t) eq(A29)

p (T ) _ {2.8, T ump € cooling season
COPir T amp) = 0.0329 * T, + 2.0012, T, € heating season

eq.(A.30)
where, T — temperature. Subscripts HP — heat pump, ele — electricity.
Considering the nearly constant ambient temperature when it is used to provide cooling

power from June to August, it is reasonable to assume a constant COP. But in heating seasons,

the COP of heat pumps was considered varying with ambient temperature, the regression
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relationship was obtained from manufacture test data. Heat pumps start to work in heat mode
when the external temperature is below a threshold temperature (14 °C) [260].

For reversible heat pumps, a binary variable My, € {0, 1}7 was introduced to control
the operational modes (heating or cooling mode) of heat pumps. Its operational range, ramp
up/down rate limits and online /offline duration were expressed in a similar way to those of gas
engines.

e Gas boiler
Gas boilers produce heat power by consuming natural gas, of which heat power

provided is expressed as in eq. (A.31) - (A.33).

PGB(i' t) = nGB ' Qf,GB(i’ t) eq(Agl)
0< Qi) <0, () eq.(A.32)
emsgp = X Qgp(L0) * emfy; eq.(A.33)

where, GB- gas boilers, n;g- efficiency of the gas boiler, it is assumed as constant when
ignoring the size dependency. max — maximum.
e Solar PV & wind turbines
The generated power by solar PV panels and wind turbines are expressed as in eq. (A.34)
- (A.35). The capacity factor was used, which means the availability of wind or solar energy
for a specific hour at a certain location. Considering the scarce solar resource in the UK, only
the wind power curtailment was considered.
P, (t) =CF,, - P, eq.(A.34)
P,.(t) <=CF,, * P, eq.(A.35)
But due to the limited top roof area and land available for installing wind turbines, two
constraints were imposed for these two renewables.

0<A4,< A eg.(A.36)



0< Ny < Nypax eq.(A.37)

we <
where, pv — solar PV panels, wt — wind turbines, CF- capacity factor, A — deployment area, N-
the number of wind turbines.

e Operating reserve constraints

In the model, gas engines and LAES were considered to provide operating reserve when

wind penetration is high. The reserve constraints are expressed in eq. (A.38) — eq.(A.43)

[260,349].
Re(i,t) + R, (t) < R(t) eq.(A.38)
Rep(i.0) = Rep capa(i,t) — Pep (i, 0) eq.(A.39)
0 < Rep(£) € Rlspeqpa(®) eq.(A.40)
0 < Rep(£) € R2p0pa () eg.(A.41)
R1s7 capa(it) < Psy aya(t) eq.(A.42)
R27 capa(®) < Prpe — Pr(t) + Pc(t) * RTE eq.(A.43)

where, R — the needed reserve power (MW), R1 — the primary reserve power, R2 — the secondary
reserve power, Pr. — the power output of turbines of LAES, P¢ — the power input of compressors of
LAES, RTE - the round trip efficiency of LAES. Subscripts ST — storage, ST, capa — storage reserve

capacity, GE_capa — gas engine reserve capacity, ST_ava - the available storage capacity.
e Linearization of non-linear terms
In order to keep the linearity of the MILP formulation, the non-linear terms should be
transformed by certain methods with additional auxiliary variables and constraints. The
common used methods are the ‘big-M’ method to transform if-then constraints, and the piece-
wise linear approximation which is capable of linearizing non-linear performance curves.

1) ‘Big-M’ method [350]
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It is assumed there is an appropriate ‘big” number ‘M’, which is determined based on
the application, leaving it large enough to activate or deactivate the linear constraints. x(t) is
the continuous variable, a binary variable A(t) is introduced to construct the expression in

eq.(A.44) - eq.(A.46).

M, - A(t) < x(t) < M, - A(L) eq.(A.44)
z(t) — (1 —a@®) - M; < x(t) < z(t) eq.(A.45)
0<z(t)<Z eq.(A.46)

M,, M, are two big ‘M’ numbers, when A(t) is switched on to 1, x(t) is activated and limited
by the appropriate upper and lower limits, and x(t) = z(t) is satisfied. When a(t) is switched off to
0, x(t) = 0, the variable is deactivated.

2) Piece-wise linear approximation [351]

It is assumed there is a non-linear function z of continuous variable x, the piece-wise
linear approximation is used to linearize the non-linear curve, the procedures are described as
follows.

z=f(x),x <x< x4 eq.(A.47)

a. The space of variable x is discretized into n elements, expressed as [ x4, x, _ x,],
X1 = Xmin» Xn = Xmax;

b. The corresponding discrete function values [z, z, . z,] are calculated.

c. Introduce a set of auxiliary continuous variables a;, which relate x; to z;.

Y1 X =X eq.(A.48)
Yis1izi =z eq.(A.49)
ra=10<q;<1,i=12,..,n eq.(A.50)

d. Introduce another n-1 of binary variables g;, satisfying the following constraints:
Yrilpi=1 eq.(A.51)

a;— 1 =0 eq.(A.52)
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a— Bic1—Pi<0,i=2,3n-1 eq.(A.53)
an = Pn-1 =0 eq.(A.54)
The variables «; and §3; are optimally solved by MILP algorithm, then, the optimal value of x
and y can be determined.
A3.1.3 Optimization objectives
The study aimed to minimize the total annual cost and the environmental impact of the
system, including the equipment annual capital cost C.,.¢0¢, the operational cost C,, and
maintenance cost C,;, and CO2 emission tax Ccy,, as well as renewable curtailment penalty
C.r and loss of power penalty C;,p, at the same time, it aimed to increase the renewable
penetration by maximizing renewable incentives C;,., expressed as in eq. (A.55).

Cann,tot = Ccpt,tot + Cop + Cy + -

min eq.(A.55
{ Ccoz + Ceur + Crop — Cinc) G )

To conduct a one-year economic analysis and to consider the time value of monetary,
the amortized capital cost of equipment was adopted [170]. It means amortizing the initial
investments over the entire lifetime of system components, the interest rate IR was assumed as

7%, given by eg. (A.56) — eq. (A.58).

Ccpt,tot = Z{:l Amf; - Ccpt(i) eq.(A.56)
_ IRQ+IRYi .
Amfl = m,Vl el eq(A57)
Cy = Xi fi Cepe (D) + XkZT fio* Prew (k) eq.(A.58)

where, Amf; is the amortized factor of the i equipment, Lf is the lifetime of equipment, fis

the maintenance cost factor, IR — the interest rate, C.,, — the capital cost of each equipment,

P..., - the power produced by renewables, rew — renewables, k — the k™ type of renewable.
The CO. tax was imposed to reduce the environmental impacts of traditional

technologies and to encourage to adopt new green technologies. A carbon price Tax,,, was
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introduced to implement the CO, tax based on the CO2 emissions from equipment
ems (i, t) and the grid electricity emsg,;4(t).

Ccoz = Yte1 Xi=1TaXcop  ems(i,t) + Xi_; Taxes - emsgriq(t) €q.(A.59)

The operational cost C,,, of the system mainly comes from consuming natural gas (gas

cost Cr) and electricity (electricity cost C,.) from the grid (Pg,;4), the price of electricity Pr,;,

and gas Py, were assumed based on the retail prices. C,,, is expressed in eq. (A.60).
Cop = Cere + Cf = ZZ:l Prele(t) ; Pgrid(t) + -

Te1 Xhoq Prys(8) - Qp (i, 1) eq.(A.60)
In the wind prevailing seasons, wind curtailment cost C.,,- would occur, the curtailment
penalty Pr,,, was imposed on the curtailed wind power P, ., t0 increase the renewable
penetration, and maintain the stable frequency and power quality of the network, which is
expressed as in eq. (A.61).
Ceur = Xi=1PTeur Puwt,cur(t) eq.(A.61)
For a micro-grid with high independence and renewables penetration, it is necessary to
maintain the operating reserve to manage the variability and uncertainties of resources and
demands. The loss of power penalty C;,p Was introduced to avoid loss of power P;,; as much
as possible. The cost penalty Pr;,p was defined as 17000 £ / MWh in this study.
Crop = Xi=1PTiop Pios(t) eq.(A.62)
The renewable heat, solar, and wind energy incentives were also taken into account in
the study, which are expressed as in eg. (A.63).
Cinctot = 2te1 2kt FITy * Brew(t) + Xi_1 FITyp - Qup(t) €q.(A.63)
where, Ci,( cor — the incentives of renewable technologies, FIT —the feed in tariff rate, P —the

produced electricity from renewables, HP — heat pumps, rew — the renewable energy.
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