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Abstract 

Large penetration of renewable energy sources such as wind and sun underpins the transition towards 

future low-carbon energy systems worldwide. Yet, the intrinsic intermittency of these sources must be 

accommodated by a high degree of grid flexibility to guarantee continuous and safe power delivery 

and ensure constant supply-demand matching. By storing excess electricity to be delivered on demand 

when most needed, electrical energy storage can provide such required flexibility, thus playing a 

valuable role as enabling technology for the low-carbon transition. However, the future deployment 

of energy storage is tied to the techno-economic performance that can realistically be delivered, which 

ultimately identifies the most suitable investment across a range of storage technologies and 

alternative pathways to achieve grid flexibility. 

 

This thesis work addresses thermo-mechanical energy storage, a class of grid-scale technologies 

intended for 100s MWh capacity, several hours storage duration and up to 100s MW power output, 

where electricity is stored in the form of thermal and/or mechanical potential. Focus is devoted to 

liquid air energy storage. First, plant design and off-design operation are studied, with the associated 

techno-economic performance. Then, the operation of liquid air energy storage within the grid is 

characterised when supplying energy and reserve services to the power system. Furthermore, the 

opportunities and limitations for combined electricity, heating and cooling provision from a single 

liquid air energy storage plant are assessed. To conclude, the potential of six between established and 

novel thermo-mechanical energy storage concepts is cross-compared and benchmarked with 

incumbent storage technologies for long-duration storage applications. 

 

The methodological framework developed uses device and system-scale simulation, integrating the 

results in energy system assessments to enable a more accurate assessment of storage performance 

and, consequently, the associated value and contribution. Results prove the importance of modelling 

the effect of real-life performance variations, leading to 6-14% higher revenues for multi-service 

provision and the value of multi-energy operation for external delivery of electricity and heating. Also, 

the suitability of thermo-mechanical energy storage for long-duration storage is verified, with novel 

concepts potentially reaching below 14 $/kWh, i.e. comparable with the use of hydrogen. All in all, 

results point towards the financial value of a more diversified storage operation for energy balancing 

and reserve services, or local multi-energy provision, underscoring the necessity to gauge storage 

viability on a case-by-case basis. Further strategies are pointed out to progress thermo-mechanical 

energy storage application to long-duration storage and further support decarbonisation. 
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CHAPTER 1 
 

Introduction 

1.1 Energy landscape and the need for energy storage 

Decarbonisation of the global economy represents arguably the most significant challenge humankind 

currently faces. Anthropogenic climate change [1] and the understanding of its disruptive effect on the 

social, environmental and geopolitical equilibria that underpin our system all call for rapid actions to 

cut greenhouse gas emissions. The Paris Agreement, signed by 196 countries in December 2015, 

represents the legally binding framework to shape decarbonisation efforts based on nationally 

determined contributions. The aim is to contain temperature rise by 2050 to well below 2 °C above 

pre-industrial levels [2]. At present, over 110 countries have submitted climate goals: among others, 

China pledged carbon neutrality by 20601, while the UK first committed to the net-zero target for 

20502. More than 130 nations have now set, or are considering, carbon neutrality goals by mid-century. 

 

In 2018, 42% of the global CO2 emissions came from the electricity and heating sector, 25% from 

transport, and 18% from industry3. Electricity generation represents today the single largest source of 

CO2 emissions; at the same time, it is the sector where most changes are expected in the short term 

and, partially, already underway. Generation technologies based on renewable energy sources (RES) 

are now mature and cost-competitive: solar photovoltaics and off-shore wind currently represent the 

cheapest energy sources [3]. Under these premises, two key developments will jointly sustain the low-

carbon transition: a doubling of electricity share in the final energy consumption – from approximately 

20% in 2015 to 40% in 2050 – and a more than five-fold increase in RES installed capacity to cover 

between 70% [4] and 90% [5] of the final energy use in 2050. Other sectors too will vastly rely on 

electricity. However, large RES penetration – particularly in conjunction with the electrification of 

 
1 See: https://odi.org/en/insights/five-expert-views-on-chinas-pledge-to-become-carbon-neutral-by-2060/ 
2 See: https://www.gov.uk/government/news/uk-becomes-first-major-economy-to-pass-net-zero-emissions-
law 
3 See: https://www.iea.org/data-and-statistics/data-
browser?country=WORLD&fuel=CO2%20emissions&indicator=CO2BySector 
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heating and transport sectors – requires coping with intrinsic resource unpredictability and volatility 

over space and time. Sources of flexibility like increased transmission and interconnection capacity, 

storage and demand-side management will be needed to achieve high shares of RES [6]. 

 

Energy storage involves the conversion of surplus energy into a form that can be stored and converted 

back when most needed [7]. Energy is stored at times of excess generation, low demand or low 

generation cost and produced at times of high demand, high generation cost or when other generation 

assets are unavailable. Figure 1 illustrates the benefits brought by energy storage to power system 

operation. Not only does storage help in continuously matching energy demand and supply. Studies 

found it also reduces backup capacity requirements from dispatchable power plants to 20% of the 

average demand, while transmission expansion only went as far as 30% [8]. Meeting rising energy 

demand with up to 90% RES penetration was estimated to be 40% cheaper with storage adoption 

instead of increasing transmission capacity only [6]. Additionally, storage enhances energy system 

resilience, provides black-start capacity, contributes to national energy security and can firm up the 

generation of large co-located RES plants. Therefore, while a simultaneous deployment of multiple 

flexibility sources is necessary for decarbonisation, energy storage has a prominent role to play among 

them. Future UK energy scenarios forecast a doubling of the installed storage capacity between 2025 

and 2035 and a target of 24-63 GW in 2050 [9]. 

 

Figure 1: Operating principle of energy storage for a) peak shaving and b) load following; power system challenges and associated 

benefits from electrical energy storage (adapted from [7]). 

1.2 Primer on electrical energy storage 

Several technologies can be used for electricity storage applications, and many more are developing 

[10]. Electrical energy storage options are often classified based on the form in which energy is stored, 

into mechanical, chemical and electromagnetic. Mechanical technologies include flywheels, pumped 
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hydro energy storage (PHES) and gravitational storage. Flywheels store electricity as rotational kinetic 

energy; they guarantee high power densities, small losses and fast response but exhibit capacity 

limitations and low energy density. Improvements involve material science and drag minimisation by 

enhanced bearings/magnetic levitation [11]. On the other hand, PHES and gravitational storage are 

mature technologies with high efficiency, large capacity and low cost per unit of energy stored. 

Drawbacks are long construction times and environmental disruption [12]. Chemical storage accounts 

mainly for batteries. From residential to utility scale, installed batteries are growing worldwide and are 

further predicted to rise from 3 GW in 2019 to 120 GW in 2030 to over 240 GW in 2040 [5]. Batteries 

are responsive and geographically unconstrained. Drawbacks are restricted power and capacity rating, 

short lifetime and fast performance deterioration under deep-cycling conditions [13]. Supercapacitors 

and magnetic energy storage from the electrical/magnetic class feature high power density and quick 

response. Sill, they are costly, low-energy-density solutions and superconducting magnets require an 

additional cooling system [14]. 

 

Ragone plots such as the one in Figure 2 visualise and rank storage options by scale (from kW to GW 

output) and duration (seconds to days), giving useful technological information on the services each 

can provide to balance the power system. Short-duration storage (with sustained delivery up to 1 h) is 

suitable for fast response services and frequency regulation, medium-duration (2-10 h delivery) for 

peak shaving and load-following, while long-duration (above 10 h) can offset seasonal imbalances 

between energy supply and demand and provide black-start. Such technical division maps to storage 

economics so that batteries are cost-effective for short-term applications and increasingly adopted 

(with a record-high 5 GW addition in 20204). On the contrary, other technologies are economically 

viable at large capacities. Nowadays, the long-duration segment is covered mainly by PHES (9000 GWh 

and over 95% of the installed electrical storage capacity [15]), but geographical constraints hinder 

further deployment. Storage solutions using hydrogen or other synthetic fuels are at the development 

stage [8]. Hence, rapid implementation of medium- and long-duration storage technologies is 

necessary. 

 
4 https://www.iea.org/reports/energy-storage 
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Figure 2: Electricity storage technologies and intended size; adapted from [16]. 

Particularly suited for medium-duration storage (MDS) and 10s MW scales are thermo-mechanical 

energy storage (TMES) technologies. These are based on conversion processes between electricity, 

mechanical and thermal energy and rely on largely available components. TMES is composed of 

modular units and thus effective and adaptable for scale-up and deployment. However, only a few 

demonstration projects exist so far. Questions around the technical performance and the best 

applications for TMES are still largely unaddressed, with limited understanding of the associated value 

for the asset owner and the grid operator. This thesis investigates thermo-mechanical energy storage 

as a relevant contemporary research topic for the above reasons. 

1.3 Liquid air energy storage and associated challenges 

Among TMES technologies, liquid air energy storage (LAES) stores electricity in the form of liquid air at 

cryogenic temperatures. LAES operating principle is illustrated in Figure 3. During charge, excess 

electricity is used to compress ambient air. The high-pressure air stream is then cooled down to 

cryogenic temperatures, expanded – thus turning into the liquid state – and collected in an insulated 

vessel at ambient pressure. A direct power cycle using air as the working fluid is operated when 

electricity is required. Liquid air is retrieved from the vessel, pumped at high pressure, evaporated and 

expanded into a turbine train before being vented to the atmosphere. 
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Figure 3: Operating principle of a liquid air energy storage (LAES). 

LAES features have some key advantages in covering the medium/long-duration storage segment. 

First, the liquid nature of cryogenic air ensures 1-2 orders of magnitude more electricity can be 

extracted for a given storage vessel volume, as compared to other TMES [17]. Given the challenge of 

estimating storage system footprint, TMES comparison based on such energy storage density informs 

on technology compactness and ease of deployment. It also mirrors the relative power density of TMES 

technologies (i.e. the electric power generated from a unit volume of storage vessels), when the same 

storage duration is considered. Second, LAES is geographically unconstrained. Third, it offers multi-

vector energy management opportunities, as will be described in this work. Additionally, LAES relies 

on well-established industrial processes and off-the-shelf equipment from the liquefied natural gas 

(LNG) and technical gas industries [18]; this enables quick deployment with minimal associated hazards 

[16]. For all these compelling features, LAES is the main TMES technology of interest here and the 

primary focus of the work in the present thesis. 

 

Despite a widespread understanding of the working principles and a well-understood technical plant 

performance now proven at pilot scale, the current challenges for LAES mainly relate to its integration 

in the energy system. In particular, LAES performance should be addressed when operated as part of 

the grid, with external constraints and time variations of power input and output. LAES profitability, 

its value for the stability of the power system and its ideal scheduling and sizing should be determined 

under such realistic conditions, not limited to electrical energy storage applications. Chapter 2 provides 

more evidence supporting the relevance and need for research in these areas. 

Additionally, as the share of renewables in the energy mix increases above 40-50% and supply-demand 

mismatch extends to several consecutive hours, long-duration storage (LDS) becomes increasingly 

important [19]. Therefore, the techno-economic performance of both developing TMES options such 

as LAES, and exploratory TMES concepts suitable for LDS should be assessed beyond typical daily 

cycling. 
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1.4 Thesis aims, objectives and methodology 

Overall, this thesis aims at investigating the opportunities that TMES – particularly LAES – uptake offers 

to develop a future low-carbon energy system. Chapter 2 elucidates how research on LAES has so far 

mainly considered and compared the techno-economic performance of different system layouts in 

isolation. In the present thesis, the spotlight is shifted to the operation of LAES within the energy 

system, focusing on plant efficiency under realistic working conditions, on the flexibility that LAES can 

provide to the grid operator through different balancing services and the resulting techno-economic 

benefits. Additionally, the analysis presented in this thesis work goes beyond the traditional operation 

of LAES, by: i) considering opportunities for heating and cooling provision alongside electricity; and ii) 

cross-comparing LAES and other TMES technologies for LDS. The four specific objectives for this thesis 

are: 

 

O1. To characterise and techno-economically evaluate the off-design operation of LAES under 

real-life conditions, including links between device and system performance, balancing 

services constraints and realistic duty cycles 

 

O2. To identify pathways for LAES value maximisation as part of the power system, including 

plant thermodynamic limitations and considering optimal plant sizing and optimal allocation 

of a portfolio of balancing services 

 

O3. To techno-economically assess the opportunities and limitations for multi-energy provision 

from LAES, compared to the traditional electricity-only operation 

 

O4. To assess selected TMES concepts for long-duration storage applications, including techno-

economic comparison and performance mapping to the target LDS design space. 

 

The methodological framework developed in this thesis leverages device-, system- and energy system-

scale modelling, together with linear and mixed-integer linear programming (MILP) optimisation 

techniques. In each of the studies presented, the level of detail for the storage models is carefully 

chosen to include the relevant technical features of TMES whilst preserving model tractability for 

optimisation purposes. Sometimes, this entailed a storage model reduction step. The resulting 

methodology is original and closely tied to the thesis aim. It captures real-life storage operation and 

performance and extends these findings to the system-scale assessment of TMES value. 

1.4.1 Novelties 

The work presented in this thesis differs significantly from the published studies and complements the 

existing body of literature. Table 1 summarises the research questions and thesis contributions to the 

literature. It also illustrates how each of the results chapters is designed to address specifically one of 

the four thesis objectives stated above. New understanding and evidence on the limitations, potential 

and value of TMES is the result of the following novelties: 
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• A validated off-design numerical model for LAES giving an accurate description of real-life 

plant operation 

• A framework for the inclusion of LAES thermodynamic characteristics in dispatch and design 

optimisation problems 

• An assessment of LAES operation beyond electrical storage only, as an asset for multi-energy 

provision 

• A techno-economic assessment of the TMES potential for LDS applications 

 

Novelties are further emphasised in the conclusion of each results chapter, with a point-by-point list 

of contributions from each presented study to the existing body of literature. 
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Table 1: Thesis objectives, contributions and associated research questions covered by the present work, with the respective link to the relevant results chapter. 

Thesis objective Thesis contribution Research questions Chapter 

O1. To characterise and techno-
economically evaluate the off-design 
operation of LAES under real-life conditions  

Representative description of LAES real-life 
operation 

- How may balancing services influence the 
operation of LAES? 
- What is the techno-economic impact of 
off-design operation? 

4 

O2. To identify pathways for LAES value 
maximisation as part of the power system  

Framework for inclusion of LAES 
thermodynamic characteristics in dispatch 
problems 

- What is the impact of including 
thermodynamic performance on LAES 
scheduling? 
- How to optimise LAES size for different 
balancing services? 
- How to identify the best portfolio of 
services to be provided? 
 

5 

O3. To techno-economically assess the 
opportunities and limitations for multi-
energy provision from LAES  

Assessment of multi-energy provision from 
LAES 

- How does multi-energy compare with 
electricity-only operation? 
- How do temperature levels and user 
constraints affect provision? 
 

6 

O4. To assess selected TMES concepts 
for long-duration storage applications  

Techno-economic assessment of TMES 
potential for LDS 

- Do TMES technologies match the 
requirements for LDS? 
- What is the expected efficiency and cost 
of selected options? 
- What are the promising TMES concepts to 
further develop? 

7 
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1.5 Thesis mind map and structure 

Figure 4 illustrates the mind map and structure for this thesis. After the Introduction laying out the 

background, object and aim of the work, in Chapter 2 the state-of-the-art literature on TMES is 

reviewed. The research status, gaps and potential for further improvements are discussed, focussing 

on TMES performance and integration in the energy system. Chapter 3 outlines the relevant 

methodological background to the thesis, specifically on device and system modelling, MILP 

optimisation and model reduction techniques, with some examples. Results chapters link one-to-one 

to the thesis objectives from Table 1 and can be introduced based on higher levels of TMES model 

reduction or the integration setting representing an increasingly decarbonised energy system, as 

highlighted in Figure 4. More specifically, Chapter 4 presents LAES real-life operation under off-

design conditions, Chapter 5 discusses the scheduling and sizing of LAES for multi-service applications 

in the power system. Chapter 6 characterises LAES potential for providing heating and cooling 

alongside electricity in district energy systems, and Chapter 7 assesses the capability and avenues 

for TMES to meet LDS requirements. Finally, the Conclusion highlights the key outcomes of this work, 

the applications and strategies for the uptake of LAES and other TMES technologies that can be 

derived, and provides recommendations for further research. 
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Figure 4: Mind map and structure for this thesis. 
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CHAPTER 2 
 

Literature review 

Given the background outlined in the Introduction, this literature review chapter further expands on 

context, current understanding and open research questions concerning TMES and its integration in 

the energy system. It compiles the accepted knowledge in the above areas to point out existing 

research gaps and areas needing further investigation. To this end, the defining traits of TMES 

technologies are presented and individually reviewed first, with a focus on liquid air energy storage. 

Then, power system balancing services are discussed, followed by studies on the integration of TMES 

in the energy system. Discussion is also provided on the common modelling frameworks used to 

assess storage role and model TMES technologies in system-scale optimisations. It is demonstrated 

that work has been directed towards selective areas, rarely comprehensively considering all the 

necessary aspects for energy system integration. Unaddressed research questions involve: i) the real-

life operation of liquid air energy storage; ii) the exploitation of flexibility arising from providing a 

portfolio of balancing services and/or multi-energy output; and iii) TMES characterisation for long 

durations. The specific thesis objectives are sharpened, clarified, and grounded on the critical 

assessment of the available scientific literature through the present chapter. 
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2.1 Introduction 

As presented in the Introduction, electrical energy storage is one of the enabling technologies for 

power system decarbonisation. With increasing RES penetration, further demand for grid balancing 

will require more installed storage capacity. However, new solutions are needed in the 

medium/long-duration storage segment, as commercially available options are geographically 

constrained or, in the case of batteries, not economically viable at the required capacity. TMES offers 

the appropriate technical and economic features to address such storage segment, with promising 

technologies like LAES currently under development. 

 

In the present chapter, the relevant groundwork to this thesis is laid out concerning: i) TMES 

technical and economic performance; ii) TMES applications for power system balancing and LDS; and 

iii) optimisation of storage integration in the energy system through mathematical modelling. The 

understanding in the aforementioned areas is presented by reviewing the available scientific studies 

to date, especially those involving LAES. The reason for this focus is twofold: first, it is due to LAES 

compelling features among TMES, and second, driven by a fast-rising interest in such technology (see 

the surging number of publications in Figure 5). As a result of this literature review chapter, the 

reader is aligned with relevant findings from the body of literature so that the areas in need of further 

research can be clearly pointed out and appreciated in light of what is currently known. Therefore, 

the thesis objectives and their relevance to advancing the research field are justified. 

 

Figure 5: Scopus search results on the yearly number of publications with "liquid air energy storage" in the title, abstract or keywords. 

The chapter is organised as follows: Section 2.2 presents a general definition and description of 

TMES, with a detailed discussion of the most prominent TMES technologies. In Section 2.3, the 

techno-economics of LAES are reviewed in depth. Then, relevant aspects for TMES commercialisation 

are presented in Section 2.4, together with the integration studies addressing storage operation 

within the energy system. Section 2.5 discusses the techniques used to model energy storage, to 

study and optimise its value; finally, Section 2.6 draws the conclusions. 

2.2 Thermo-mechanical energy storage technologies 

Steinmann first used thermo-mechanical energy storage to identify a class of technologies that store 

electricity via transformations between thermal and mechanical energy [20]. Figure 6 provides a 
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sketch of the TMES operating principle. During charge, excess electricity is converted through a 

suitable thermodynamic process into one or more of: hot energy, cold energy and mechanical 

potential energy. Such energy streams are stored and saved for later times: heating and cooling in 

thermal energy storage (TES) units; mechanical potential in a pressurised vessel. The stored energy 

is retrieved and used to operate a thermodynamic power cycle process during discharge. As Figure 

6 suggests, a suitable combination of established chemical engineering process devices enables 

energy conversion during both charge and discharge. Due to the commercial size of components and 

favourable economics at scale, TMES is intended as MW-scale, large-capacity storage solution 

capable of sustaining the rated output across several hours [21]. 

 

Figure 6: Generic representation of a thermo-mechanical energy storage (TMES) plant and visualisation of specific TMES technologies: 

CAES, LAES and PTES. 

Three main technologies belong to TMES: i) compressed air energy storage (CAES); ii) liquid air 

energy storage (LAES); and iii) pumped thermal energy storage (PTES) [20]. These represent specific 

embodiments of the general TMES concept (see Figure 6) and are defined as follows: 

 

• Compressed air energy storage (CAES): TMES where electricity is primarily stored in the 

form of mechanical potential, as pressurised air. The heat generated by the compression 

process may also be stored. 

• Liquid air energy storage (LAES): TMES where electricity is primarily stored in the form of 

cold energy, as cryogenic air in liquid state; mechanical potential may also be stored if using 

pressurised air vessels. The heat generated by the compression process may also be stored. 

• Pumped thermal energy storage (PTES): TMES where electricity is stored solely as hot 

and/or cold energy, in suitable thermal energy storage devices. 

 



14 

 

For all the above concepts, the one metric used in the literature to assess and compare TMES storage 

performance is roundtrip efficiency [22], i.e. the ratio between the electricity output and input, over 

a complete storage charge/discharge cycle: 

 

휂𝑅𝑇 =
∫ �̇�𝑜𝑢𝑡𝑑𝑡
𝜏𝑑𝑠𝑐
0

∫ �̇�𝑖𝑛𝑑𝑡
𝜏𝑐ℎ𝑟
0

 

 

2.1 

 

In this thesis, roundtrip efficiency will often be used, with a thorough discussion of its merits and 

limitations as a performance metric uncovered by the research work undertaken. Additional 

indicators will also be adopted and defined in the individual results chapters to better characterise 

different aspects of storage operation. 

 

A useful differentiation equally applying to all TMES technologies is between standalone and hybrid 

plants [23]: 

 

• Standalone TMES: includes baseline TMES layout, where input and output energy streams 

are electricity only; no fluids other than the working fluid and the heat carriers are present 

in this configuration. 

• Hybrid TMES: includes all the layouts where TMES interacts with external processes (i.e. it is 

not standalone) through hot or cold thermal streams or external fluids. Input and output 

energy streams can now be electricity, heating, cooling or chemical energy from a fuel; 

additional fluids may be present. 

 

With the above definition, one can distinguish between cases where TMES operates as a self-

sufficient entity and cases where integration with external processes is considered, so performance 

can be evaluated accordingly. 

 

On top of standalone CAES, LAES and PTES schematically presented in Figure 6, and whose key 

specifications are gathered in Table 2, a number of hybrid concepts merging two of the above options 

have also been proposed [24,25], as well as TMES plants with extra inputs from neighbouring 

processes [26], external thermal streams [27] and power plant retrofits [28]. Emerging TMES layouts 

that exploit thermochemical reactions have also been reported; these concepts are in their infancy, 

with full-scale plants still far from commercial development [30]. They are briefly discussed 

hereafter. 

Table 2: Main thermo-mechanical storage technologies and associated technical specifications. 

 Compressed air 
energy storage (CAES) 

Liquid air 
energy storage (LAES) 

Pumped thermal 
energy storage (PTES) 

Power output 0.5 – 320 MW 1 – 300 MW 10 – 150 MW 
Roundtrip efficiency 42 – 70% 45 – 70% 48 – 75% 
Capacity Up to GWh Up to 10s GWh Up to GWh 
Energy density* 0.5 – 20 Wh/L 50 – 200 Wh/L 10 – 100 Wh/L 
Response time** mins mins s - mins 
Lifetime 20 – 40 y 20 – 40 y 25 – 30 y 
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CO2 emissions 
Yes (CAES)/No 

(ACAES)*** 
No No 

Installed capacity 431 MW 5 MW N.A. 
Maturity Early commercial Developing/Demo Developing 
TRL level 5 (ACAES) – 9 7 – 8 2 – 5 
Site constraints Yes**** No No 

* Energy density is here defined as the electricity generated per unit storage volume. The latter consists of the air cavern, 

for CAES, the liquid air vessel for LAES, the hot and/or cold thermal energy storage for PTES 

** For CAES and LAES, response time below 1 min has been demonstrated for operation in “Spin-Gen” mode: i.e. with 

turbine train synchronised to the generator and passively operated during idle periods. 

*** Adiabatic CAES (ACAES) concepts reduce or avoid CO2 emission from CAES, but they are not yet commercially mature. 

**** Small systems (≤ 5 MW) present no site constraints when using above-ground storage vessels. 

2.2.1 Compressed air energy storage 

A schematic of CAES system is reported in Figure 7. Excess electricity is used during the charging 

phase to compress air from the ambient through a multi-stage, intercooled compression train. The 

pressurised gas is then stored in a suitable reservoir and, for the discharging phase, it is expanded in 

a turbine. CAES is subdivided into diabatic, adiabatic and isothermal [29]. Diabatic CAES relies on a 

combustion chamber to further raise air temperature before turbine expansion. Two diabatic CAES 

facilities are currently in operation: a 290 MW plant in Huntorf, Germany and a 110 MW plant in 

McIntosh, USA. The former utilises a total of 310000 m3 salt caverns between 4.8 and 6.6 MPa and 

sustains up to 4h discharge [30]. The latter uses a single salt dome up to 75 atm, a heat recuperator 

reducing fuel consumption by 22-25% and has 26 h discharge duration [31]. Over a complete 

charge/discharge cycle, diabatic CAES reaches energy efficiency of 54% [32]. However, the fuel input 

represents a major impediment to cutting CO2 emissions. On the contrary, adiabatic CAES (ACAES) 

stores compression heat, alongside pressurised air, in a TES, which is later used to heat up gasses 

during discharge. This way, ACAES achieves higher efficiencies – up to 70% [32]. Demonstration 

projects are ongoing worldwide (e.g. the 200 MW/1 GWh ADELE project, a 50 MW project in Jiansu, 

China, or the plants from the company Hydrostor [33]). In isothermal CAES, an additional thermal 

fluid (oil) extracts heat during the compression stage and provides it during expansion. As a result, 

thermodynamic transformations resemble ideality, and efficiencies can be as high as 80% [32]. 

 

Figure 7: Process flow diagram (left) and qualitative T-s diagram (right) for ACAES. In diabatic CAES, a combustion chamber is added 

before the turbine, replacing the TES. 
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Despite achieving efficiency in the 50-70% range and having been already successfully operated in 

the grid, CAES shares with PHES the major limitation of geographical restrictions [13], as sites with 

porous rocks, depleted gas/oil fields or caverns in salt and rock formations are necessary for CAES 

deployment. Alternative concepts were proposed to overcome this issue, including pressurised 

vessels [34] and underwater solutions [35]; however, both are limited in size and by the associated 

capital costs. 

2.2.2 Pumped thermal energy storage 

In PTES, a reverse thermodynamic cycle establishes a temperature difference between two thermal 

reservoirs in the charging phase. Such temperature difference becomes the driver for a direct power 

cycle during system discharge [36]. In the limit of ideal Carnot cycles, storage roundtrip efficiency 

approaches 100% [37]. So, in order to achieve high system performance, both thermal losses during 

heat transfer and storage [38] and thermodynamic irreversibility in the power components (turbines 

and compressors) should be limited to a minimum [39]. Based on the selected thermodynamic cycle, 

Brayton PTES and Rankine PTES can be distinguished [40]. 

Brayton PTES 

As depicted in Figure 8, Brayton PTES run a reversible5 Brayton cycle between a cold and a hot 

reservoir. During charge, a gaseous working fluid is compressed and heat is transferred to the hot 

reservoir; then, the gas is expanded to achieve low temperatures and cool down the cold reservoir. 

During discharge, the cycle is reversed. Heat is transferred from the hot TES to the pressurised 

working fluid to drive turbine expansion, while cold energy from the cold TES reduces compression 

work. Typical temperature and pressure ranges for Brayton PTES are -170 to 950 °C and 1-20 bar; 

efficiency is 52-70%. 

 

Figure 8: Process flow diagram (left) and T-s diagram (right) for a Brayton PTES. 

Air [41], supercritical CO2 [42], hydrogen [43] and nitrogen [44] have all been studied as working 

fluids for Brayton PTES. However, monoatomic gasses like argon or helium are usually selected. They 

both allow higher process temperatures and thus efficiency for any fixed compression ratio [45], 

while helium may result in lower pressure losses and better operational stability [46]. Operational 

 
5 Reversible here implies the same transformations are operated in reversed direction (counterclockwise and 
clockwise), during charge and discharge, but does not entail thermodynamic reversibility. 
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stability is also achieved through: i) one or two extra heat exchangers to reject heat generated from 

irreversibilities [47]; and ii) a buffer vessel to allow for gas thermal expansion [48], given Brayton 

PTES is a closed-loop cycle. 

 

The typical system layout comprises two compressors and two expanders, each one dedicated to 

either charge or discharge [49]. Alternatively, two single devices can be used, which operate 

reversibly as a compressor or expander during charge and discharge [48]. Either way, high 

compression ratios in the machinery are key to Brayton PTES performance, which led to preferring 

reciprocating devices [50], with axial machines only proposed for scales above 100s MW [51]. Recent 

literature has been focusing on the unsteady and off-design behaviour of machinery [52], including 

dynamic effects and performance maps [53]. Concerning TES, most studies consider packed beds as 

thermal reservoirs due to low cost and temperature stability [54]. Gravel, magnetite and limestone 

are commonly selected among the 9 solid storage media compared by Benato and Stoppato for 

Brayton PTES applications [55]. TES can be either indirectly linked to the cycle via a coupling heat 

exchanger or directly crossed by the working fluid [38]. This latter option is more typical and results 

in better heat transfer; however, the storage vessel should withstand cycle pressures of up to 20-30 

bar. Using an electric heater to decouple pressure and temperature values in the cycle, as Benato 

proposed [41], would allow containing pressure in the TES besides stabilizing turbine inlet 

temperature. 

Rankine PTES 

As presented in Figure 9, Rankine PTES comprise a reverse charging cycle and a Rankine power cycle 

with the working fluid experiencing liquid-gas phase transition. During charge, the working fluid is 

evaporated, compressed, condensed – transferring heat to the hot reservoir – and finally expanded 

to low pressure. The working fluid in liquid state is pumped, evaporated, expanded in a turbine, and 

finally condensed during discharge. Like Brayton PTES, charge and discharge processes can be 

physically separated or share some of the components [56]. A regenerator is sometimes used to 

improve cycle performance, whilst also reducing performance sensitivity to turbine inlet 

temperatures [57]. Pressure and temperature for Rankine PTES typically vary between 1-140 bar and 

up to 200 °C, with cycle efficiency of 40-70%. 

 

Figure 9: Process flow diagram (left) and T-s diagram (right) for a Rankine PTES. 
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Depending on the maximum temperature achieved, Rankine PTES solutions studied in the literature 

include stream, organic, supercritical or transcritical CO2 cycles [58,59], as well as cascade cycles with 

ammonia and steam [60]. Phase transition of the working fluid allows saving compression work but 

poses challenges to effective heat transfer, which works in the literature addressed by using a latent 

TES to improve temperature glide matching [61], pinch analysis to optimise the heat transfer process 

[62], or supercritical conditions [63]. It is common in Rankine PTES layouts to only use a hot reservoir 

and the ambient as the cold sink/source, because of the suitable lowest temperatures values in the 

cycle [60,64]. However, choosing a lower temperature cold sink such as liquid natural gas was proven 

to increase system efficiency [65]. For the hot TES, water (pressurised, if necessary) and solar salt or 

other NaNO3/KNO3 mixtures are widely adopted [61,66], while an ice slurry is a popular choice for 

the cold TES, when present [63]. 

 

Device development to enable 2-phase or nearly-isothermal compression and expansion is an open 

research avenue, which Kim showed could lead to a 4-15% higher roundtrip efficiency than in the 

case of isentropic compression/expansion [67]. Another area of recent interest is hybrid Rankine 

PTES concepts featuring thermal integration with external sources of heat or cold, which is made 

possible by the limited operating temperature span when compared to Brayton PTES [68]. Roundtrip 

efficiency in these cases can surpass 100%. 

2.2.3 Other thermo-mechanical storage technologies 

Only recently, novel TMES concepts have been proposed which exploit reversible thermochemical 

reactions to store and release energy (see Figure 10 for a schematic of the working principle and 

some proposed layouts). The interest stems from the fact thermochemical reactions could, in 

principle, result in loss-free, 1-2 orders of magnitude higher energy density storage [69]. An example 

is the chemical looping energy storage by Saghafifar: an open Brayton PTES where heat is stored and 

released, respectively, by reduction and oxidation of a metal oxide, in a packed bed TES [70]. Energy 

density increase from 50-100 to 250-350 kWh/m3, and, through the inclusion of thermal 

regeneration and an electric heater in the layout, roundtrip efficiency of 40-55% is achievable [71]. 

Another concept is the thermochemical battery, where a couple of metal hydrides mutually 

exchange heat and H2 [72]. Compression work establishes the pressure difference to trigger 

hydrogen release/adsorption reaction during charge, while the induced ∆p between hydrides drives 

an expander during discharge. Conceptual analysis for the system demonstrated 31-47% efficiency 

and 28.2-62.6 kWh/m3 energy density. Another option is the Lamm-Honigmann storage, where the 

steam pressure difference between a water reservoir and a water solution (e.g. LiBr/H2O or NH3/H2O) 

is used to generate work [73] and can be reversed by compression [74]. As with most systems 

involving thermochemical energy storage, studies cover material selection, but challenges for these 

novel TMES are related to system scale-up. 
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Figure 10: Summary of the operating principle and proposed application layouts of thermochemical energy storage to thermo-

mechanical concepts: a) the thermochemical battery [72], and b) the chemical looping energy storage [70]. 

Alternatively, thermochemical storage has been widely investigated for applications involving the 

conversion from heat to power – such as concentrated solar power (CSP) – and thus lacking a 

charging phase to be considered TMES. High-temperature reactions result in large energy density 

[75] for the investigated oxidation [76], hydration [77] and carbonation reactions [78]. Transferring 

such technical solutions to TMES can leverage the acquired knowledge from literature, so far 

focussing mainly on material cyclability and stability [79], reactor design and optimisation [80]. 

Should these challenges be solved, temperature range and technical features like negligible standing 

losses [81] are potentially relevant for LDS. Still, the addition of a power-to-heat charging process 

and the extension of these thermochemical technologies to the field of TMES have not been tackled. 

2.3 Liquid air energy storage 

The use of supercritical liquid air as a storage medium was first proposed by Smith, in 1977 [82]. 

However, the principle started being actively investigated only several years later and, as shown in 

Figure 11, has quickly hit significant milestones since then. In the year 2000, Mitsubishi Heavy 

Industries successfully operated a 2.6 MW air-driven Rankine cycle, which showed excellent output 

stability [83], while researchers from Hitachi were considering a layout with a gas combustor and a 

concrete regenerator to enhance gas liquefaction [84]. Efficiencies as high as 70% were predicted for 

the system [85]. The idea started receiving attention from the wider research community and a joint 

venture between Highview Power and the University of Leeds, UK, led to the liquid air energy storage 

process being patented [86], the system being designed and finally constructed [87]. The resulting 

350 kW, 2.5 MWh pilot-scale plant was the first fully integrated LAES plant in the world, which was 

run in 2010, setting a cornerstone for LAES development and stimulating great research interest in 
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the technology. After several field tests, the plant has now been relocated to the University of 

Birmingham for further investigations. A further 5 MW, 15 MWh pre-commercial plant by Highview 

Power was built and operated in June 2018 in the Greater Manchester county [88], anticipating the 

deployment of two LAES 50 MW plants (named CRYOBattery) in the UK and US, recently unveiled by 

the same company [89]. These will represent the first grid-connected LAES projects worldwide. 

 

Figure 11: Cornerstones in LAES development history – timeline. 

Figure 12 presents a model standalone and hybrid LAES plant, according to the definition from 

Section 2.2, to which the working principle presented in the Introduction and comprising a charging, 

storage and discharging process equally applies. The next sections discuss these processes, and then 

outline the indicated techno-economic performance for standalone and hybrid LAES plants. 

 

Figure 12: Schematic representation of a standalone (left) and hybrid (right) LAES plant. 

2.3.1 Charging and discharging process 

State-of-the-art, recuperative air liquefaction processes are used for LAES charge [90]. These cycles 

include the initial filtering and dehumidification of feed air by molecular sieves and a multi-stage, 

intercooled, compression. High-pressure, supercritical air is then brought to cryogenic temperatures 

in a multi-stream heat exchanger (the cold box) [91] and liquefied via expansion through a Joule-

Thompson (JT) valve or a cryoturbine. The uncondensed gas portion leaving the cryoturbine is 
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recirculated through the cycle. Many alternative liquefaction layouts have been suggested for LAES 

application [22], but a comparative assessment by Hamdy et al. [92] demonstrated Claude, Heylandt 

and Kapitza outperform the alternatives techno-economically, and, indeed, are typically selected 

also at micro-gird scales below 1 ton/h [93]. 

 

The three most common air liquefaction layouts for LAES are reported in Figure 13. Interestingly, 

most of the pathways examined in the literature to improve air liquefaction performance apply to 

all of them. For example, the use of a cryoturbine instead of the JT valve was shown to improve 

system performance by up to 6.9% [94], regardless of the layout. Pressurised liquid air vessels are 

also beneficial: Borri et al. [93] claimed 21% lower specific energy consumption for the liquefier when 

storing air at 4 bar rather than ambient conditions. Values as high as 210 bar were even explored 

[95], although the same authors chose 18 bar in recent publications [96] for technical feasibility. 

Additionally, an external air expansion and recirculation circuit can be designed to match the 

temperature glide in the cold box [97] and minimise entropy generation. The operating pressure in 

the cycle can also be adjusted for the same purpose [98], but the optimal value differs based on the 

liquefier layout, between 70 bar [99] and up to 180 bar [100]. With the above arrangements, typical 

values of specific liquefaction work for LAES are around 200-300 kWh for the production of 1 ton of 

liquid air [97,101], which corresponds to a ~30% reduction in comparison with state-of-the-art 

cryogenic cycles [18]. 

 

Figure 13: Most common layouts for the air liquefaction process of a LAES. 

Concerning plant discharge process or power recovery unit (PRU), both Brayton and Rankine cycles 

(direct or indirect) have been tested to extract power from a cryogen: the best solution depends on 

the availability temperature of the heat source [102]. However, for LAES discharge, a direct Rankine 

is by far the most used solution, being it with [98] or without [94] a recuperator (see Figure 14). The 

number of turbine stages either matches [103] or overcomes the number of compression stages 
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[104] to benefit from higher temperatures, and, when increased, it allows to better approximate 

isothermal expansion at the expense of additional investment costs [105]. 

 

As far as the operating parameters are concerned, higher discharge pressures were found beneficial 

for higher specific work output and more effective heat transfer in the evaporator [106], although 

reducing the cold that can be recovered [107]. Values above 50 bar and up to 200 bar are typically 

selected [108]. Effects of supercritical heat transfer during LAES evaporation were investigated by Yu 

et al. [109], who suggested an optimal heat exchanger configuration with two consecutive stages 

where the mass flow rate of the secondary fluid can be adjusted to overcome pinch point limitations. 

Depending on the chosen layout and operating parameters for the PRU, specific work output can be 

between 330 and 550 kJ/kg. 

 

Figure 14: Typical system layout for the power recovery unit of a liquid air energy storage. 

2.3.2 Hot and cold thermal recycle 

Along the LAES process, compression heat is generated during air liquefaction, while high-grade cold 

from evaporation is released by the power cycle. A suitable heat transfer fluid and TES arrangement 

can be employed to recover such thermal streams, reusing the heat for power generation and the 

cold to support air liquefaction. This way, the charge and discharge subprocesses are coupled 

through a so-called hot and cold recycle; this is illustrated in Figure 15. 

 

Figure 15: Hot and cold recycle coupling LAES charge and discharge subprocesses. 

The traditional storage material and layouts investigated for hot and cold recycles are presented in 

Table 3. Early literature focussed on cold recycle to boost LAES efficiency [110]. Consensus is now on 

its use to provide extra cooling in the cold box, although air precooling upstream compression was 

also proposed [111] Cold temperatures ~90 K mean material stability is required, hence solid 
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regenerators and packed beds of rock have been considered [112] and experimentally investigated 

[113]. The alternative is a two-fluids arrangement using liquid TES, with no clear view on which one 

is best [114]. Thermal efficiency as high as 95% has been reported for packed beds [115], but 

thermocline effects mean larger volumes are necessary [116]; special designs such as partitioned TES 

[117] or radial flow [118] were proposed to alleviate this. Conversely, liquid TES solutions are more 

compact [98], but different fluids are needed to cover different temperature ranges, such as propane 

and methanol [99], R218 and methanol [119], or propane and R213, which led to 91% thermal 

efficiency for a small-scale test facility [120], thus showing slightly higher losses than packed beds. 

Similar technical solutions with packed beds [121] or two-tank layouts [122] have been considered 

for hot recycle, with the aim of using the compression heat released during liquefaction to increase 

turbine inlet temperature [123]. 

Table 3: Most commonly used TES media and technological solutions for LAES hot and cold recycle. 

Medium 
Technical 
solution 

Specific heat 
[kJ/kgK] 

Density 
[kg/m3] 

T range 
[K] 

Notes 

Quartzite C, PB 0.5-0.6 2560-2650 80-293 Variable properties; cost ~0 

Propane C, 2-T 1.9-2.3 732-581 93-210 High-grade cold only 

R218 C, 2-T 0.8-0.9 1711-2137 93-210 High-grade cold only 

Methanol C, 2-T 2.2-2.4 904-810 210-293 Low-grade cold only; cost ~0.4 $/kg 

R123 C, 2-T 0.9-1.0 1477-1727 185-293 Low-grade cold only 

Water H, 2-T 4.2-4.4 890-998 300-450 Pressurisation needed, cost ~0 

Solar salt H, 2-T 1.6 1900 493-873 Solidifies for lower T, cost ~0.5 $/kg 

Diathermic oil H, 2-T 2.2-2.4 750-850 293-630 Cost ~1 $/kg 

CaLiNaK H, 2-T 1.7 1917 373-673 Solidifies for lower T 

Steatite H, PB 0.8-0.9 2680 250-573 Variable properties; cost ~0 

Abbreviations: H: hot recycle, C: cold recycle, PB: packed bed regenerator, 2-T: two-tanks liquid TES 

 

At system scale, cold recycle significantly affects LAES performance. A comparison from Peng et al. 

[101] showed that the same 5% thermal loss results in a 1 percentage point reduction in roundtrip 

efficiency when applied to the hot recycle, but a 9 percentage point reduction when affecting the 

cold recycle. Phase change materials have recently been shown to improve LAES performance 

through enhanced operation of the high-grade cold storage (HGCS) [124], with less than 3 years 

return on investment [125]. Although no conclusive techno-economic comparison of different cold 

recycle layouts and materials is available, these results prove high technical efficiency of HGCS should 

be privileged. Concerning compression heat, thermodynamic losses and the asymmetric number of 

stages result in 20-40 % excess availability [126], thus justifying the low sensitivity of plant 

performance on effective hot recycle. Yet, rejection of such extra heat is unavoidable in a standalone 

LAES, and, together with component irreversibility, it represents the biggest thermodynamic loss 

[98]. Hence the rationale for the external use of such thermal stream in hybrid LAES configurations. 

2.3.3 Standalone and hybrid LAES plant performance 

Summaries of the most relevant studies dealing with standalone LAES and hybrid LAES, as reported 

in Appendix A, show that interest has shifted from standalone to hybrid LAES solutions, which now 

represent the majority of investigated plants. In hybrid LAES, external fuels and/or heat/cold thermal 

streams enhance plant techno-economic performance [127,128]. Alternatively, LAES can be coupled 
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with nearby processes such as power plants, LNG terminals and organic Rankine cycles (ORC), 

creating opportunities for system co-design, symbiosis and mutual performance enhancement 

[129,130]. Finally, a recent research thread for hybrid LAES involves the provision of additional 

functions (thermal energy, industrial gasses, etc.) to nearby processes [131,132]. 

Technical performance 

Figure 16 compares standalone and hybrid LAES based on their predicted efficiency; boxes span from 

25th to 75th percentile and whiskers include 99.3% of the plants analysed from the literature. For 

standalone LAES, roundtrip efficiencies vary between 40% (18%, if ambient air is the heat source for 

reheating [128]) and 67% for very efficient cryogenic pumps [94] and pressurised storage vessels 

[133]. Hybrid plants display the largest variability and achieve higher values of roundtrip efficiency, 

especially when including combustion [127] (reaching over 900 kJ/kg specific work output), 

integrating LNG regasification terminals [134] (with liquefaction work as low as 580 kJ/kg [88] and 

possible full air liquefaction [130]), or nuclear plants [135]. Efficiency values can surpass 100%, in 

these cases. On the contrary, exergy efficiency is rather stable for both standalone and hybrid LAES, 

sitting between 55 and 65%. LAES plants with bottoming ORC or Kalina cycles achieve the best values 

[136]. Conversely, hybrid LAES implementing trigeneration [137] reach the highest energy efficiency 

values (up to 88%) but, because of the quality of different energy vectors, exergy efficiency is lower 

compared to other concepts. Nonetheless, a trigenerative concept was proven to bring primary 

energy savings and lower carbon emission [138]. 

 

Figure 16: Boxplot with typical values of roundtrip, energy and exergy efficiency for standalone and hybrid LAES concepts. 

Reported efficiency values from the literature are all obtained under steady operation. They show 

that, apart from the full use of compression heat with LAES-ORC, the main reason to prefer hybrid 

to standalone LAES concepts relates to the use of external waste streams or the external provision 

of additional functionalities. Both conditions are location-dependent. There is no significant 

difference in terms of exergy efficiency, i.e. thermodynamic efficiency of the conversion processes. 

LAES scale is similar across studies and plant layouts, involving 10 to 100 MW power output, 10-50 

MW input (corresponding to 8-10 h overnight charge) and 2-8 h discharge capacity. 
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Economic performance 

Results from the studies addressing LAES investment costs are reported in Figure 17 for standalone 

plants, and Figure 18 for hybrid concepts; figures range significantly due to different adopted 

methodologies. These include using cost functions for individual [139] or groups of components 

[140], manufacturers’ quotations [97] and specific costing software [141], as well as combinations of 

all the above [142]. Morgan et al. [97] also included a learning rate of 17,5% – despite the off-the-

shelf nature of LAES components – and derived the power-specific costs for a 10th-of-a-kind 

standalone LAES at 995 £/kW. Three costing approaches were compared in [139] to add a confidence 

interval to investment cost predictions. Results are in line with other studies (see Figure 17) and 

projections for TMES [143], although obtained for a rather small, i.e. 12 MW, LAES plant. Larger 

scales would further decrease specific capital expenditure (CAPEX), stressing the importance of 

considering appropriate system sizes for CAPEX estimation and comparison purposes. Indeed, 

specific investment more than halved, from 5 to 2.1 k$/kW, for a 12 MW/50 MWh LAES, compared 

to a 2 MW/11.5 MWh plant [139]. Similar considerations apply to a 100 MW and a 300 MW plant, 

whose specific costs were estimated as 2100 and 1400 €/kW [92]. 

 

Concerning investment costs breakdown, references agree on the large impact of power equipment 

(turbines and compressors) and the major contribution by the liquefaction subsystem (45-70% of the 

CAPEX); the share of liquid air and TES tanks is limited below 10% [139,140]. By boosting technical 

performance and reducing liquefaction power rating, efficient cold recycle would also enhance LAES 

economy. Hamdy et al. [142] described the techno-economic trade-off between roundtrip efficiency 

and investment cost, showing how compression pressure, reheater outlet temperature and heat 

carrier fluid can be adjusted at design stage to prioritise either of the two. Specific costs for a 100 

MW/400 MWh standalone LAES plant could drop from 2087 €/kW to 1270 €/kW, under a moderate 

efficiency reduction from 47% to 40%. 

 

Figure 17: Predicted investment cost (CAPEX) in studies on liquid air energy storage from the literature. 

Waste heat utilisation or fuel combustion in hybrid LAES leads to specific cost values consistently on 

the lower hand of the predictions for standalone plants. Waste heat recovery boosts LAES power 

output and financial viability at a limited marginal cost, depending on the associated temperature 

level [144]. Fuel combustion has higher associated costs but is well compensated by the increase in 

power output, so that the cost per peak energy generation for a hybrid LAES peaker is comparable 
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with natural gas plants [145]. Cost projections for other hybrid plants such as LAES-PTES [24] or CAES-

LAES [146] are also lower than the separate costs of the two technologies. The only hybrid LAES 

concept with significantly higher specific investment cost is in the case of LNG integration, mostly 

due to the contribution of heat exchangers with large associated duties. Results report 2164 $/kW 

for the optimised LNG-LAES plant [147] and 2800 $/kW for the non-optimised system including an 

ORC [148]. 

 

Figure 18: Predicted investment cost (CAPEX) in studies on hybrid liquid air energy storage from the literature. 

2.4 Path to commercialisation of thermo-mechanical energy 
storage 

Besides the few CAES plants in operation, Novotny et al. [149] reviewed 30 announced, pilot and in-

construction projects, showing TMES is currently entering the commercialisation stage. However, 

future uptake hinges on identifying favourable business cases where the storage functions are valued 

to pay back investment costs over the project lifetime. Since compensation schemes are decided 

within the context of local regulatory frameworks and market structures [150], it becomes essential 

to contextualise TMES techno-economic performance with the energy market landscape in which it 

is required to operate. This section defines, first, the balancing services of interest for TMES and the 

potential storage requirements in energy systems with large RES penetration. Then, it discusses 

works where the broader energy system features are included in the analysis of LAES and LAES 

operation, hence realising its value within the energy system. Two keywords to define in this context 

are integration and application: 

 

• Integration: identifies the TMES plant-energy system pair, whereby TMES operates by 

providing selected services, through the exchange of electricity and/or thermal streams with 

the energy system. 

• Application: identifies the specific service or the set of services provided by TMES to the 

energy system in each integration case. 
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2.4.1 Primer on balancing services 

Power systems rely on the principle that supply must exactly match demand at any point in time 

[151]. By storing surplus and injecting power upon request, energy storage helps balance supply and 

demand and can contribute to power system orchestration [152]. Such contribution may be 

monetised in structured electricity markets. However, because of relatively recent storage adoption, 

evolving power systems facing new and diverse challenges and fundamental differences between 

storage and traditional generation assets, existing energy markets are seldom designed to reward 

the full value of energy storage to the system [153]. In some cases, benefits to different grid players 

may be compensated through contractual agreements between parties, such as contracts for energy 

price caps with retailers [154] or firm capacity guarantees with RES generators [155]. 

Figure 19 presents a general landscape of balancing services storage can provide – minor market-

specific variations are possible. In there, balancing services included in the present thesis have been 

highlighted. Additional storage benefits such as RES generation firming, reduction of overcapacity 

requirements, transmission and distribution upgrade deferral pertain to the area of power system 

planning rather than balancing and have therefore been disregarded. 

 

Figure 19: Power and energy balancing services supporting power system orchestration that energy storage can provide. 

Energy balancing services 

Energy balancing services, in this thesis, denote peak shaving, load shifting and arbitrage. They all 

involve the time shift of large electricity portions, a timeframe of 30 min or more, and are scheduled 

in the day-ahead market [156]. Their difference lies in the driver for operation. Arbitrage involves 

charging the storage when the electricity price is low (or even negative, as registered for the 

European energy exchange, due to wind penetration [157]) and discharging it when high. Price 

differentials generate a revenue stream for the storage owner [158]. Conversely, the driver for peak 

shaving and load shifting is the time-varying electricity demand; more specifically, excess generation 

(when storage is charged) or excess load signals (when storage is discharged). Associated benefits 

are a steadier and more efficient operation of generating assets and the limited use of expensive 

peakers, resulting in cost cuts that favour both the end customer and the system operator [159]. It 

is worth noting that arbitrage results in similar advantages since supply-demand imbalance is often 

aligned with electricity price fluctuations; however, especially for large RES penetration, the shape 

and extent of these latter ones are likely to change in the future [160]. 
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Reserve services 

Reserve services are designed to help the grid cope with unforeseen mismatches between 

generation and demand. They are sometimes included in a capacity market [161] and involve the 

delivery of active power to the gird in response to a dispatch call from the system operator [162]. 

Specifications to be met by a supplier to provide each of these services require a fast-enough 

response time, a minimum sustained period of power output and capacity volume committed; 

exemplary values for the UK electricity market are reported in Table 4. In addition, reserve service 

providers must be available within tendered availability windows – typically a morning and an 

evening window – which may vary throughout the year [163]. The contractual revenue streams 

include an availability fee (£/MW/h), paid for the periods the unit is made available, a positional fee 

(£/h), paid upon call by the operator, and a utilisation fee (£/MWh), for the energy injected following 

a delivery instruction [164]. 

Table 4: Typical specifications for accessing different reserve services in the UK electricity market [165,166]. 

 STOR FR 

Response time* ≤ 240 min ≤ 2 min 

Minimum sustained period 120 min 15 min 

Minimum power commitment 3 MW 50 MW 

Minimum delivery rate - 25 MW/min 
* National Grid also adds that “response times within 20 minutes are preferable”, and indeed technical requirements 

have been modified so STOR providers must now be able to respond to an instruction within a maximum of 20 min. 

Frequency response services and other balancing services 

In the event of a mismatch between supply and demand, the grid frequency deviates accordingly. 

Frequency response services are needed to ensure the frequency is restored at its rated value, as 

this is a requirement for stable power system operation [152]. Primary frequency response 

represents the quickest reaction to the imbalance to be provided within 10 s from the event, for up 

to 20 s. Secondary response kicks in within 30 s after the event, for up to 30 minutes [167]. Service 

providers must operate either a reduction or increase in their power output when instructed, but, 

other then reaction time, there is typically no minimum capacity obligation for participating in 

frequency response services. Payment schemes may include a holding fee (£/h) for the provider 

availability and a response fee (£/MWh) remunerating the positive or negative energy delivered 

[164]. Figure 20 illustrates how different balancing services concur in stabilising grid frequency over 

different timescales. 
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Figure 20: Reserve services supporting the grid in the event of a frequency drop. 

Other balancing services include reactive power provision for grid voltage support and black start to 

restore energy systems or to activate and bring online large generators [152]. Market schemes are 

typically in place to compensate for the delivery of such services. However, reactive power provision 

is paid only a utilisation fee, and black start is rewarded only when required; so these additional 

balancing services were not considered in this thesis. 

2.4.2 Long-duration storage requirements for a highly decarbonised energy system 

Similarly to Zhang et al. [168], long-duration storage (LDS) identifies in this thesis technologies with 

above 10 h capacity, capable of energy balancing over multi-day periods and up to seasons, to cover, 

for example, wind droughts [169]. Although 80-95% storage benefits are for energy shifts of 8 h or 

less [168], studies for Alberta under an 80% RES penetration found the events contributing the most 

to storage charging are significantly longer and up to more than 60-80 h or 5 consecutive days [19]. 

For the UK supplying the aggregated demand for power, heating and transportation in 2050, with a 

100% RES mix, overproduction can be stored 82% of the times [170]. Similar studies for the US predict 

equivalent storage of up to 5 days of average demand for 80% RES penetration in California [171] 

and 72 h storage to cover 99.9% load over four years, with only 80% RES overcapacity [172]. 

Therefore, LDS relevance is tied to RES-dominated scenarios, where systemic overgeneration will 

occur in some seasons and energy deficit in others and be exacerbated by heat electrification [153]. 

 

LDS can also ensure decarbonisation goals are met cost-effectively. Storage and other flexibility 

options all have projected costs well below those of generation overcapacity to balance supply and 

demand [15]; however, storage can reduce backup capacity needs to 20% of the average demand, 

while transmission only goes as far as 30% [8]. Also, for above 90% RES penetration, storage adoption 

made meeting demand 40% cheaper than transmission expansion [6]. In Europe, LDS covering 5% of 

the annual energy demand was necessary to contain the costs of the last 5-10% emission reduction 

[173], yielding a levelised cost of electricity for a fully renewable power system of 9-12 € cent/kWh. 

Interestingly, LDS penetration was deemed the most sensitive parameter for electricity cost 

reduction [174], and scenarios with batteries alone are always the most expensive [172]. 

 

Driven by its future relevance, few studies focussed explicitly on determining the LDS techno-

economic requirements and design space. As long as storage uptake is small compared to the 

installed RES capacity, storage efficiency does not influence significantly LDS value [175], so design 
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space criteria are mostly economic. Sepulveda et al. [176] found LDS capacity-specific costs below 

20 USD/kWh can reduce electricity costs by over 10% and estimated at 1 USD/kWh the target to 

displace all low-carbon generation. Elsewhere, the combination of power and capacity costs of 1000 

USD/kW and 20 USD/kWh and a duration of 100 h was found sufficient to enable steady power 

output 100% of the time [177]. Albertus et al. [178] argue that for above 90% RES penetration, LDES 

systems with greater duration than 100h will be needed, with capacity-specific costs below 40 

USD/kWh and power costs in the range of 500-1000 USD/kW. These studies concur with the 

identified requirements which suitable LDS technologies should meet to sustain decarbonisation. 

Interestingly, power and capacity costs are not dissimilar from the ranges described for LAES and 

other TMES solutions, in Section 2.2 and Section 2.3. Yet, different power/capacity requirements 

from values generally addressed in the literature make the bottom-up assessment of TMES solution 

for LDS a not-fully-covered area worthy of further investigation. 

2.4.3 LAES integration with the energy system 

Literature studies on LAES integration with the energy system, as summarised in Table 5, are 

significantly less than techno/economic system assessments reviewed in Section 2.3. Applications 

currently investigated for LAES span from arbitrage provision in the day-ahead market [187] to 

arbitrage and reserve services provision in the intra-day market [188] to supply of electricity, heating 

and cooling in a trigenerative configuration [142]; they are summarised in Figure 21. As a developing 

storage technology, no single application has yet been designated for LAES. However, the 

independent sizing of charge, discharge and storage sections allows tailoring the plant to the specific 

integration settings and operation strategies, thus fostering business cases across applications [179]. 

For example, a 3 h charge and long-discharge plant was preferred to the common 8 h charge setup 

to accommodate large photovoltaic generation in the central part of the day [100], while storage 

capacities above 4-5 h can be cost-effective when LAES is used for load-shifting (with daily or weekly 

scheduling [180]). To this end, plant sizing can be obtained directly, e.g. through a genetic algorithm 

[140], or indirectly, through sensitivity analysis. 

 

Figure 21: Typical applications considered in LAES integration studies with the energy system. 
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Energy balancing applications 

Most studies from Table 5 consider arbitrage as the chief operation strategy for LAES, notably 

concluding that this is not sufficient for financial viability in the absence of subsidies [181] or waste 

heat integration [179]. Similar results were already described for other grid-scale storage 

technologies [182] or even batteries [183]. A peak-to-valley price ratio between 3.2 and 4.4, as 

indicated by Khani et al. for LAES profitability, is currently too high for the day-ahead market [181]. 

In the absence of significant price modification from large RES uptake [184] and long scheduling 

horizons with high associated uncertainty in electricity price predictions [180], other applications 

should be explored to make the financial case for LAES. 

Applications for reserve service provision 

As discussed, storage participation in reserve service markets necessitates sufficiently large scales 

and capacity, fast power delivery and rapid output adjustment when requested. Field tests for LAES 

showed the PRU can deliver power output within 2-3 min from instruction [112] and follow 5 min 

duration load ramps with 99% compliancy [185]. At 100s MW scale, the ramp rates from gas turbine 

manufacturers spanning from 20 to 50 MW/min [186,187] can be used as a reference for LAES, thus 

showing reserve service markets are suitable for LAES and can be accessed for further revenues. Xie 

at al. [140] showed 10% to 30% higher revenue, depending on plant size, from providing short term 

operating reserve (STOR) in the UK market. Energy and reserve services participation yields cost 

reductions between 20 and 40% for a 10 MW air separation unit with power production [188]. Based 

on these few studies, reserve provision seems a clear avenue to boost LAES profitability. 

Other applications within the grid 

Other studies aim at quantifying LAES benefits beyond power system stability through selected 

flexibility indicators. These include a reserve margin increase from 17.7 to 21.4%, showing steadier 

electricity supply thanks to the operation of a LAES-LNG plant [189], resilience improvement with 

only 0.4 hours/year loss of load expectation and a loss of load probability of 39.3 events per year 

[190]. Alternatively, the level of energy import or level of RES penetration in a microgrid can be used 

as a proxy for lower dependence on the grid [191]. Although quantifying benefits and values from 

LAES, limitations of these studies lie in the local nature of the assessment and the fact no 

remuneration to the storage owner is considered to assess the LAES integration business case. 

Application as a multi-energy management asset 

Several works look at hybrid LAES as a means for multi-energy management, absorbing or generating 

thermal streams alongside electricity. For microgrid applications, the operation of LAES over 

electricity and cooling provision can make it more economically attractive than a battery [192], and 

some studies even found LAES could be an economically viable option for cold storage only at scales 

above 500 MWh [193]. LAES integration with refrigerated warehouses is also currently under 

investigation by the CryoHub consortium [194,195]. Similarly for heating, compression heat 

utilisation in a co-generative LAES was shown by Wang et al. [131] to bring about 10% extra revenues 

to the electricity sales, whereas a trigenerative LAES supplying heating, electricity and cooling could 

reach a payback period within 5 and 7 years [137]. As the study of multi-energy LAES operation is 

currently in its infancy, with the majority of works exploring the vector-coupling potential for other 
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TMES such as CAES [196–198] or PTES [199], more work is required to characterise the potential and 

limitations for this kind of LAES integration. 
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Table 5: Summary of the reviewed studies dealing with energy system integration of LAES. 

Reference Type of integration Methodology Research questions LAES plant 𝜼𝑹𝑻 Findings Notes 

Khani et al. 2015 
[181] 

ES – Ontario open retail 
electricity market 

MILP optimal 
scheduling 

Profitability, subsidy 
scheme, planning horizon 

Standalone 
57-100 MW 

60%* 
Not profitable unless subsidised, 
wrong price prediction hinders 
revenues 

Arbitrage only 
LAES centric model 

Zhang et al. 2015 
[188] 

ES + industrial gas 
production – ASU-PRU 
integration 

MILP optimal 
scheduling 

Integration benefits 
Decoupled 
ASU-PRU 
10 MW 

70%* 
10% relative savings, suitable for 
underutilised ASU 

Arbitrage and reserve 
Robust optimisation 
No recycle PRU-ASU 

Ahmad et al. 2016 
[200] 

ES + air conditioning from 
liquid N2 - residential 

Techno-economic 
assessment 

Techno-economic viability 
of 5 system layouts 

Only 
discharge 
10 kW 

N.A. Profitable vs conventional HVAC 
Not a LAES, small scale 
External use of high-grade cold 

Tafone et al. 2017 
[201] 

ES for chiller operation – 
cooling load provision 

Techno-economic 
assessment 

Profitability Standalone 45%* 
Profitability only for high price 
differentials and LAES efficiency 

Parametric analysis 
Introductory assessment 

Comodi et al. 
2017 [193] 

Cold TES 
Multicriteria 
assessment 

Comparison with other 
cold TES solutions 

Standalone 
1-21 MW 

25-60% Competitiveness at large scale Based on ideal conversion parameter 

Zamani-Gargari et 
al. 2018 [190] 

ES – LAES and wind farm 
Monte Carlo 
simulation 

LAES contribution to 
system reliability 

Standalone 
5-10 MW 

70% 

LOLE and LOLP decrease linearly 
with more LAES  

Technical aspects of grid support only 

Xie et al. 2018 
[140] 

ES – UK energy market 
Optimal dispatch 
algorithm + GA for 
independent sizing 

Profitability of decoupled 
LAES 

Standalone 
50-250 MW 

60%** 
Extra revenues, large scales 
needed, waste heat boosts PBT 
from 25 to 5 years 

Arbitrage + STOR 

Wang et al. 2018 
[202] 

ES – multi-energy hub 
MILP optimal 
scheduling 

ES operation in realistic 
multi-energy setting 

Standalone 
350 kW 

60% 
LAES smoothens load peaks 

Simple LAES black box model 
Small scale 

Kalavani et al. 
2019 [191] 

ES – ASU + PRU with wind 
farm 

MINLP optimal 
scheduling 

Local storage value in 
presence of DR schemes 

Standalone 
50 MW 

70% 

Revenues: +33%, cost of 
generation: -8% 

No recycle PRU-ASU 
One day horizon 

Mazzoni et al. 
2019 [192] 

ES + cold TES – LAES in 
microgrid 

MIQP optimal 
scheduling 

LAES comparison with a 
battery 

Standalone 
300-2000 
kWh 

N.A. 
Contribution to cooling supply, 
LAES convenient for large sizes 

Functional dependence cooling-
power output 

Lin et al. 2019 
[179] 

ES – UK energy market 
Optimal dispatch 
algorithm + GA for 
independent sizing 

Expected NPV for different 
LAES sizes 

Standalone 
50-200 MW 

60%** 
Large scales needed, waste heat 
crucial, PBT from 40 to 10 years  

Arbitrage only 

Kalavani et al. 
2019 [203] 

ES – ASU + PRU with wind 
farm and microgrid 

2-stage, stochastic 
optimal sizing and 
operation 

Profitability and best 
independent sizing 

Standalone 
Up to 10 MW 

70% 
15% overall cost reduction for 7 
MW, 35 MWh best design 

LAES enables RES uptake in local 
settings 
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Legrand et al. 
2019 [100] 

ES - Spanish power grid 
Residual load 
analysis 

LCOE in future scenarios 
with high PV penetration 

Standalone 51.2% 
LCOE is 150 €/MWh, energy is 
charged during the day, 
adaptability to generation mix 

Ideal LAES efficiency 
Aggregated LAES capacity nationally 

Georgiou et al. 
2020 [204] 

ES – European power grid 
System-level unit 
commitment 

LAES value for different 
penetrations, comparison 
with PTES 

Standalone 
12 MW, 50 
MWh 

55% 

Storage value 2000 £/kW, 
decreasing for higher 
penetrations 
5-15 GW required 

Role of power/capacity ratio 
Contrast with other flexibility 
measures 

Gao et al. 2020 
[137] 

Trigenerative LAES – 
Regional scale 

Techno-economic 
assessment 

Technical-economic 
potential 

Hybrid 
2 MW 

N.A. 
Electrical efficiency 40-48%, 
LCOE 0.11$/kWh, dynamic 
payback period 4-6 years 

Parametric analysis on plant layout 
Conversion efficiency varies with 
seasons 

* Sensitivity analysis on the value 

** With waste heat recovery the value increases 

*** Rated value – it changes with operation 
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2.5 Assessing energy storage value through models 

Optimisation techniques are often employed to assess storage integration with the energy system, 

typically by optimising storage operation, sizing, or both [205–207]. In these studies, TMES is 

considered along with several interlinked users, other generation and energy conversion assets, 

networks, etc. Such inherent complexity in the interactions to be captured implies a trade-off 

between model accuracy and mathematical tractability. Hence, there is no single established energy 

storage or energy system model, but rather model features should be case by case tailored to the 

specific aim of the analysis [208]. 

 

A broad spectrum of modelling and optimisation techniques has currently been applied to study 

storage value in the energy system. Energy system components are typically treated as black-box 

models and described by constant conversion parameters [209], piecewise linearisations [210], 

convex operating regions [211] or fully non-linear characteristics [212]. Networks (electrical, thermal 

etc.) are often 0-dimensional entities with a constrained capacity [213]; more refined models include 

network topology – through a 2-D description of the district or the associated incidence matrix – 

power losses and dynamic behaviour [214,215]. Also, since distributed resources are of great 

interest, aggregation techniques are widespread [216], including energy hubs, independent 

microgrids, and virtual power plants. 

2.5.1 Optimal operation and optimal design problems 

The problem paradigms for optimising storage integration with the energy system are presented in 

Figure 22. Optimal operation problems deal with how to best schedule a given set of generation, 

conversion and storage assets to fulfil the services required by the users. MILP optimisation is 

typically adopted, with integers representing plant on-off status or storage charge/discharge. High 

time granularity is possible for operational problems, which enables tackling specific aspects of 

service provision: examples are reserve services and demand response constraints [154], transients 

in building envelope [217], highly nonlinear off-design component behaviour [218], or the flexibility 

from leveraging district heating networks capacity and heat-electricity cross-coupling [219]. Model 

time resolution can vary from hours to 5 minutes, depending on technical and energy market 

constraints considered [154]; rolling horizon optimisations are also used to adjust dispatch based on 

the unfolding scenario [220,221]. 

 

Optimal design problems involve the best choice and sizing of generation, conversion and storage 

units and transmission networks to supply users’ needs. Because design problems are often discrete 

in nature [222], modelling frameworks adopted include mixed-integer linear and nonlinear 

programming, Monte Carlo techniques, particle swarm optimisation [223] and genetic algorithms 

[224]. Hourly timesteps are typical, but downsampling and clustering techniques are used for design 

purposes to select representative design days [225] and limit the number of cases [226]. Since 

environmental and financial performance are the main criteria driving energy system design and 

both are intertwined with operation, design optimisation is often jointly addressed with operation 

(see Figure 22) [227]. Fully coupled approaches have been followed where system design and 

operation are determined simultaneously and treated as a unique coupled problem [228]. However, 
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this approach may pose limits on problem complexity; alternatively, system design and operation 

can be decoupled and treated as two nested optimisations through multi-layer algorithms with a 

master-slave structure [229]. 

 

Figure 22: Optimisation frameworks for storage integration studies and some exemplary applications to the power system. 

2.5.2 Thermo-mechanical energy storage modelling approaches 

The simplest and most widespread approach to model storage integration with the energy system is 

through a battery-like formulation. This consists of characterising storage with its capacity and 

constant conversion efficiency parameters for charge and discharge; a standing loss may also be 

included. Then, a transient energy balance, minimum and maximum capacity and power constraints 

fully describe storage. This model is linear and extensively used given its simplicity, mostly when 

energy storage is a part and not the main focus of the optimisation [230,231]. However, no in-depth 

analysis of storage operation is possible with a battery-like model, which, especially for TMES where 

charge and discharge involve complex conversion processes (see Sections 2.2 and 2.3), may be 

restrictive. A first step towards improving TMES model accuracy is to derive parameters for battery-

like representation directly from detailed system models [204]. However, even first-principle 

thermodynamic analysis for a CAES plant showed inherent nonlinearities in the compression and 

expansion processes [232], meaning constant parameters can only represent specific operating 

conditions. 

 

More accurate TMES models proposed in the literature are described in Table 6. Ibrahim et al. [233] 

proposed a PTES model with separate conversion efficiency for charging and discharging, individually 

fitted through a polynomial regression to capture nonlinear variations with the state of charge, 

power exchanged and temperature distributions within the storage. In [234] and [235], CAES 

thermodynamics was captured by a stepwise function relying on published data from system 

assessment. Different conversion efficiency and feasible gas mix for an air separation unit were 

implemented by convex subregions, to characterise plant start-up [188]. Only this approach could 

underscore the potential of underutilised air separation units for integration with cryogenic power 
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generation, compared to plants that mostly run at full load. Advanced analysis with the inclusion of 

off-design conditions was presented for CAES in [236]. 
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Table 6: Detail of studies where the modelling of TMES overcomes the simple battery-like model. 

Study Year TMES Type of study TMES model Phenomena captured Limitations Notes 

[233] 2017 PTES Day-ahead scheduling 
Efficiency curves f(SoC) 
Charge and discharge 
separated 

Reservoir temperature 
variation 

Nonlinear 

Cyclic operation of PTES 
reservoir assumed 
Fitted to thermodynamic 
model 

[234] 2018 CAES 
Energy and reserve 
provision 

Stepwise conversion 
efficiency 

Generation level 
Reservoir SoC 

Stepwise 
Can be linearised 
From literature results 

[188] 2015 
ASU 
retrofit 

Reserve and gas 
provision 

Convex subregions Plant start-up 
Stepwise 
changes 

Linear 
2 operating regions 

[192] 2019 LAES 
Electricity and cold 
provision in microgrid 

Empirical function Variation of cold recycle Nonlinear 
From thermodynamic 
model 

[237] 2017 ACAES Multi-energy provision 
Energy hub formulation 
Charge and discharge 
separated 

Multi-vector output 
Constant 
efficiency 

Linear 
From thermodynamic 
model 

[238] 2016 ACAES Multi-energy provision 
Charge and discharge 
separated 

Multi-vector output 
Constant 
efficiency 

Linear 
From thermodynamic 
model 

[236] 2020 ACAES Day-ahead scheduling 
 
Analytical 

Off-design included 
Wide power output 

Only electricity 
Linearised 
Explicit thermodynamic 
model 

[235] 2018 CAES 
Real-time dispatch 
with uncertainty 

 
From other model 
regression 

Off-design included 
Wide power output 

Only electricity 
Linearised 
From thermodynamic 
model 
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Accurate TMES models are relevant also in the case of multi-energy operation, which, as Section 

2.4.3 demonstrates, is attracting growing interest. Multi-energy flexibility has been formally defined 

through a general framework using Minkovsky vector summation in [239]; for the proposed 

representation, a model linking the feasible levels of storage output over different energy vectors is 

needed. To this end, convex operating maps have been used for combined heat and power plants 

[240], but never for TMES. Few attempts toward multi-energy TMES investigation – for instance, 

running CAES as an electricity and heating provider [237] – involve using an energy hub 

representation with fixed conversion efficiencies [236]. Constant multi-energy conversion 

efficiencies and separated charge/discharge CAES subprocesses were used by Li et al. [238]. 

2.6 Conclusion 

Chapter 2 exposes the shared knowledge of TMES and their integration with the energy system 

through a synthesis of the available scientific literature to date. It demonstrates how LAES and TMES 

performance are mostly investigated and understood for rated operating conditions. On the other 

hand, the optimal integration of LAES – and TMES in general – in low-carbon power systems is a 

crucial yet marginally-addressed research area. Such evidence supports the research objectives 

formulated in the Introduction and their relevance for advancing the ongoing research. 

Consideration of the constraints and requirements arising from the participation of LAES in balancing 

services and their impact on storage performance is hardly discussed. However, addressing the 

interlink between storage application and performance in the energy system is essential to 

determine TMES financial viability compared to alternatives and to identify favourable business 

cases. 

 

Key research gaps identified are the assessment of storage operation outside rated conditions and 

the evaluation of power system integration pathways beyond arbitrage alone. These are significant 

given storage operation should accommodate variable power input and output setpoints enforced 

by system-level constraints, while the simultaneous provision of different market services may result 

in favourable business cases. Other research gaps involve the only partial characterisation of TMES 

potential to support decarbonisation. More specifically, the literature does not fully address the 

multi-energy operation of LAES, which may provide a unique means to reduce fossil fuel dependence 

across power, heating and cooling sectors. Similarly, there is a lack of assessment and cross-

comparison of TMES concepts for long-duration storage, hence missing awareness of the techno-

economic suitability of TMES to provide the LDS services needed in a highly decarbonised power 

system. 

 

Across the above gaps, research should also overcome the lack of a suitable modelling framework 

that accurately predicts TMES performance in integration assessments. Advancements in the 

simplistic battery-like model for TMES, whose limitations were pointed out by several authors, would 

lead to a more accurate representation of storage performance and value. Only this way could a 

representative techno-economic assessment of versatile storage operation be achieved, with 

combined energy balancing and reserve services provision or multi-energy output. This area is 

unaddressed for LAES, but it would benefit the whole TMES field, whose ultimate uptake will be 
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determined by the technical and economic comparison with incumbent storage technologies and 

other flexibility enablers. 

2.6.1 Chapter relevance within this thesis 

This chapter lays the groundwork for the present thesis, making the reader understand and 

appreciate both its relevance and novel contributions to the existing body of literature. In the 

following, Chapter 3 outlines the methodological elements used to overcome current modelling 

bottlenecks. Then, each results chapter presents the results and discusses the new understanding 

around each of the highlighted research gaps. 
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CHAPTER 3 
 

Elements of modelling and optimisation 
methodologies used in this research work 

Following the presentation of scientific understanding around TMES and its integration with the 

energy system in Chapter 2, the present chapter outlines the research methods used in this thesis. 

Integration studies require simultaneously accounting for technical storage characteristics, energy 

system and market constraints. Therefore, a methodology is developed to merge the above aspects 

into a unified framework for the assessment of TMES and its integration. This chapter covers three 

main areas: i) device and system modelling, for the simulation of TMES; ii) mixed-integer linear 

programming optimisation to assess storage operation as part of the energy system; and iii) model 

reduction techniques to capture relevant physics of the investigated storage process within 

computationally efficient models. Foundations for each area are laid out with exemplary applications. 

By combining the above areas, the proposed methodology contributes to the energy storage 

modelling field with a more accurate simulation of storage operation. Outcomes from the application 

of the proposed methodology to the study of TMES and the associated merits compared to existing 

approaches are thoroughly discussed in the results chapters. 
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3.1 Introduction 

Two areas of significant research interest emerging from the literature presented in Chapter 2 are: 

i) LAES – and, in general, TMES – techno-economic assessment at system scale; and ii) storage 

simulation as part of the broader energy system. However, while system-level assessments under 

steady-state conditions are abundant, LAES integration studies are limited in number and scope, thus 

requiring further research. Additionally, each area relies on methodologies tied to the individual 

research questions to be answered, at very different levels. System- and device-scale numerical 

modelling, in conjunction with energy, exergy and economic analysis, is commonly used in system 

assessments; mathematical optimisation techniques such as linear and non-linear programming are 

relevant to studying storage operation and scheduling within the energy system. 

 

To complement the available literature and merge the merits of detailed process modelling with 

system-level optimisation, this thesis develops a novel methodology described in the present 

chapter, which uses model reduction to preserve technical characteristics from storage operation 

into system-level assessments. The aim is to bridge the traditionally exclusive areas of system 

modelling and system-scale optimisation. In so doing, results include a more accurate description of 

storage performance. This allows to rectify the assessment of LAES and TMES integration in the 

energy system and advance the field by evaluating potential applications for power and energy 

balancing. The present chapter outlines the basis for the proposed methodological framework. 

 

The chapter is subdivided into three main parts: following foundations on device and system 

modelling in Section 3.2 and linear programming optimisation in Section 3.3, Section 3.4 discusses 

the model reduction techniques relevant to this thesis. Some applications for the described methods 

are also presented. Finally, Section 3.5 concludes the chapter. 

3.2 Device and system modelling 

Modelling a device or a system entails creating a simplified numerical representation of its real-life 

behaviour, which meets a desired level of accuracy. The first step in any numerical model is to 

identify the thermodynamic system to be studied; a generic system is illustrated in Figure 23. Then, 

mass and energy and conservation equations can be specified: 

 

 
0 =

𝑑𝑚𝐶𝑉
𝑑𝑡

±∑�̇�𝑖

𝐼

𝑖=1

  3.1 

 

∑�̇�𝑗

𝐽

𝑗=1

− �̇� =
𝑑𝐸𝐶𝑉
𝑑𝑡

±∑�̇�𝑖(ℎ + 𝑒𝑘 + 𝑒𝑔)𝑖

𝐼

𝑖=1

  3.2 

 

where the i-th mass stream is positive if leaving the system and negative otherwise, a positive power 

�̇�  means work is performed by the system and the j-th heat flux – exchanged with a thermal 

reservoir at temperature 𝑇𝑗 – is positive (heat gain) when entering and negative (heat loss) when 

leaving the system. In addition, momentum conservation along system ducts allows accounting for 

distributed and localised losses 𝑤𝑑: 
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�̇�𝑤𝑑 = ±∑�̇�𝑖

𝐼

𝑖=1

(𝜈𝑝𝑖 +
𝑢𝑖
2

2
+ 𝑔𝑧)  3.3 

 

In principle, one momentum conservation equation such as Equation 3.3 should be specified for each 

velocity component in the considered reference frame; however, ductwork is often treated as 1-D 

so that only the velocity along the duct axis is of interest [241]. 

 

Figure 23: A generic thermodynamic system interacting with its surroundings through mass, heat and work exchange. 

The second law of thermodynamics can also be specified. When combined with Equation 3.2 and 

solved for the heat flux exchanged with the environment, it results in the exergy conservation 

equation used for exergy analysis [242]: 

 

 

∑�̇�𝑗 (1 −
𝑇0
𝑇𝑗
)

𝐽

𝑗=1

− �̇�𝑡

=
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𝑑𝑡
±∑�̇�𝑖𝑒𝑥𝑖

𝐼

𝑖=1

±∑�̇�𝑖𝜓𝑖

𝐼

𝑖=1

+ 𝑇0Σ  

3.4 

 

Fundamental conservation equations provide relationships between the state variable in the system. 

In a model, they are complemented by characteristic equations – which link inputs and outputs to 

technical features specific to each component – and constitutive equations between state variables. 

For instance, Equation 3.5 links input and output temperatures of a generic heat exchanger to the 

characteristic heat transfer effectiveness for the device, while a simple constitutive equation for ideal 

gasses is given in Equation 3.6, where 𝑅∗ is the specific gas constant: 

 

 
휀 =

�̇�ℎ(𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡)

�̇�𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛)
=
�̇�𝑐(𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛)

�̇�𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛)
 3.5 

 𝑝𝑣 = 𝑅∗𝑇 3.6 
 

Combining conservation, characteristic and constitutive equations for any given device results in its 

component model. 
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As a system consists of the sequential operation of multiple devices, a system model is obtained by 

specifying individual device models and solving the resulting large set of equations simultaneously. 

Such framework notably offers a significant degree of flexibility, with, for instance, state variables 

varying over time in dynamic models or depending on any number of spatial coordinates to introduce 

dimensional effects. However, 0-D, steady-state conditions are typically assumed for system 

modelling [243]. 

3.2.1 Device and system modelling under rated conditions 

Design or rated conditions correspond to the best case for system operation. Devices operate at the 

design point, maximising efficiency and running steadily in the absence of external disturbances. 

Hence, most studies on TMES consider rated conditions for system operation [63,107,244]. At rated 

conditions, characteristic parameters for each device remain constant at their rated value, which can 

be substituted in the energy conservation and the characteristic equations presented in Table 7, to 

model the most common TMES components in this work. 

Table 7: Model equations for the main devices used in TMES. 

Component Energy conservation 
Characteristic 
equation 

Notes 

Turbine �̇� = 휂𝑆,𝑇�̇�(ℎ𝑖𝑛 − ℎ𝑆,𝑜𝑢𝑡) 휂𝑆,𝑇 =
(ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡)

(ℎ𝑖𝑛 − ℎ𝑆,𝑜𝑢𝑡)
 Expansion ratio needed 

Compressor �̇� =
1

휂𝑆,𝐶
�̇�(ℎ𝑆,𝑜𝑢𝑡 − ℎ𝑖𝑛) 휂𝑆,𝐶 =

(ℎ𝑆,𝑜𝑢𝑡 − ℎ𝑖𝑛)

(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛)
 Compression ratio needed 

Heat exchanger (two 
streams) 

�̇� = �̇�ℎ(ℎℎ,𝑖𝑛 − ℎℎ,𝑜𝑢𝑡) 

�̇� = �̇�𝑐(ℎ𝑐,𝑜𝑢𝑡 − ℎ𝑐,𝑖𝑛) 
휀 =

�̇�

�̇�𝑚𝑖𝑛(𝑇ℎ,𝑖𝑛 − 𝑇𝑐,𝑖𝑛)
  

Cold box (multi-stream 
heat exchanger) 

0 =∑�̇�𝑖ℎ𝑖

𝐼

𝑖=1

  
Partitioned approach 
required 

Pump �̇� =
1

휂𝑃
�̇�(ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛) 휂𝑃 =

�̇�(𝑝𝑜𝑢𝑡 − 𝑝𝑖𝑛)

�̇�
  

Valve ℎ𝑖𝑛 = ℎ𝑜𝑢𝑡   

Thermal energy storage 
�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 − �̇�𝑙𝑜𝑠𝑠

= 𝑉
𝑑(𝜌𝑐𝑝𝑇)

𝑑𝑡
 

 𝜌𝑐𝑝 often constant 

 

However, equations in Table 7 are by no means unique, as this modelling framework can 

accommodate arbitrarily accurate component models, allowing a higher level of detail to be used 

only for selected key devices. For instance, dynamic models of packed bed TES or air purification 

units have been coupled to TMES system models to study dynamic oxygen production from LAES 

[245], effects of temperature dynamics on cycle efficiency [246] or working fluid volume flow rates 

[44]. In all these works, remaining components are modelled under rated conditions. Fully dynamic 

models of all the main components were used to study the control of a supercritical CAES [247]. 

3.2.2 Off-design device modelling 

Although TMES assessment at rated conditions is useful for comparison purposes, off-design device 

operation often happens in real-life applications, where input variables are likely to differ because 

of external constraints on storage inputs and outputs. Examples are power system constraints [181] 

or abrupt changes in RES input [190]. Air pressure buildup in the cavern during charge and pressure 

decrease during discharge result in intrinsic boundary condition changes to CAES operation [248], 
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often overlooked or addressed with suitable control strategies [249]. So, off-design component 

models are necessary to fully describe these phenomena, where the characteristic parameters 

change over time with the operating conditions. The following sections detail the off-design 

modelling of devices used in TMES. 

Turbines and compressors 

Off-design models of turbines and compressors are in general component-specific and depend for 

instance on the investigated size, geometry and flow pattern. Semiempirical off-design maps are 

typically adopted, which relate corrected flow rate and speed parameters through some component-

specific coefficients. Corrected flow rate and speed parameters are defined as [250]: 

 

 
𝑚′ =

𝑚 ̇ 𝑝𝑖𝑛,0 √𝑇𝑖𝑛

�̇�0 𝑝𝑖𝑛 √𝑇𝑖𝑛,0
 3.7 

 
𝑛′ =

𝑛 √𝑇𝑖𝑛,0

𝑛0 √𝑇𝑖𝑛
 

3.8 

 

Isentropic efficiency is defined as: 

 

 휂𝐶
휂𝐶,0

= (1 − 𝑎1(1 − 𝑛𝐶
′ ))

𝑛𝐶
′

𝑚𝐶
′ (2 −

𝑛𝐶
′

𝑚𝐶
′ ) 3.9 

 휂𝑇
휂𝑇,0

= (1 − 𝑎2(1 − 𝑛𝑇
′ )2)

𝑛𝑇
′

𝑚𝑇
′ (2 −

𝑛𝑇
′

𝑚𝑇
′ ) 3.10 

 

The 𝐶 subscript refers to compressors and T to turbines. Empirical parameters 𝑎1 and 𝑎2 are to be 

obtained experimentally. In this work, values reported in the literature have been used: 𝑎1 = 0.3 

and 𝑎2 = 0.3 [251]. Compression ratio is computed as: 

 

 Π𝐶
Π𝐶,0

= 𝑏1𝑚𝑇
′ 2 + 𝑏2𝑚𝑇

′ + 𝑏3 3.11 

 
𝑏1 = 𝑛𝐶

′ [𝑎3 (1 −
𝑎4
𝑛𝐶
′ ) + 𝑛𝐶

′ (𝑛𝐶
′ − 𝑎4)

2]⁄  
3.12 

 
𝑏2 = (𝑎3 − 2𝑎4𝑛𝐶

′ 2) [𝑎3 (1 −
𝑎4
𝑛𝐶
′ ) + 𝑛𝐶

′ (𝑛𝐶
′ − 𝑎4)

2]⁄  
3.13 

 
𝑏3 = −(𝑎3𝑎4𝑛𝐶

′ − 𝑎4
2𝑛𝐶
′ 3) [𝑎3 (1 −

𝑎4
𝑛𝐶
′ )+ 𝑛𝐶

′ (𝑛𝐶
′ − 𝑎4)

2]⁄  
3.14 

 

Similarly, empirical parameters sourced from reported studies on axial devices have been used in 

this work: 𝑎3 = 1.8, 𝑎4 = 1.8. For turbines, the relationship between mass flow rate and expansion 

ratio is described by the Flügel formula: 

 

 𝑚𝑇
′

𝑚𝑇,0
′ = √1.4 − 0.4

𝑛

𝑛0
√
𝑇𝑇,𝑖𝑛,0
𝑇𝑇,𝑖𝑛

√
Π𝑇
2 − 1

Π𝑇,0
2 − 1

 3.15 

 

Off-design maps for compression and expansion are reported in Figure 24. 
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Figure 24: Off-design maps for compressors (top row) and turbines (bottom row). 

Pumps 

The affinity law can be used to relate the off-design pressure head and mass flow rate across a pump 

[252]: 

 

 Δ𝑝

Δ𝑝0
= (

�̇�

�̇�0
)
2

 3.16 

 

Pump efficiency can be obtained as a function of the elaborated mass flow rate from the 

manufacturer datasheet and fitted to a second-order polynomial: 

 

 휂𝑃
휂𝑃,0

= 𝑎1 (
�̇�𝑃
�̇�𝑃,0

)

2

+ 𝑎2
�̇�𝑃
�̇�𝑃,0

+ 𝑎3 3.17 

 

The efficiency curve for a centrifugal pump is represented in Figure 25. 
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Figure 25: Off-design efficiency map for a centrifugal pump. 

Heat exchangers 

An effective way to model heat exchanger performance is through the 휀 − 𝑁𝑇𝑈 model [253]; for a 

specific geometry, heat exchanger effectiveness can be determined from two dimensionless 

numbers: 𝑁𝑇𝑈 = 𝑈𝐴/�̇�𝑐𝑝  and �̇�𝑅 = �̇�𝑚𝑖𝑛/�̇�𝑀𝐴𝑋 . In the case of a generic, counter-flow heat 

exchanger: 

 

 
휀 =

1 − 𝑒𝑥𝑝[−𝑁𝑇𝑈(1 − �̇�𝑅)]

1 − �̇�𝑅𝑒𝑥𝑝[−𝑁𝑇𝑈(1 − �̇�𝑅)]
 3.18 

 

Under off-design conditions, 𝑁𝑇𝑈  and �̇�𝑅  are computed under a fixed surface 𝐴  and using an 

appropriate correlation to estimate the variation of the overall heat transfer coefficient 𝑈. Figure 26 

compares the 휀 variations for a counterflow and a co-flow heat exchanger. 

 

Figure 26: 𝜺-NTU relation for two geometries of heat exchangers: counterflow (left) and co-flow (right). 

Thermal energy storage 

It is uncommon to refer to off-design conditions for TES devices, whose charging and discharging are 

intrinsically dynamic processes. However, model accuracy depends to a large extent on the capability 

of correctly accounting for such dynamics and predicting the TES outlet temperature. The simplest 
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approach to do so is a lumped parameter model, where TES thermal mass is pointwise, and a time 

dependency of TES temperature is preserved [254]. 

 

 𝑑𝑄𝑇𝐸𝑆
𝑑𝑡

= �̇� + �̇�𝑙𝑜𝑠𝑠 3.19 

 

The mean logarithmic temperature difference [255] or the 휀 − 𝑁𝑇𝑈 model [256] can be used to 

estimate the heat transfer between the heat carrier and the TES, based on the TES state: 

 

 �̇� = 𝑈𝐴∆𝑇𝑚𝑙 3.20 
 

 �̇� = 휀�̇�𝑀𝐴𝑋 3.21 
 

�̇�𝑙𝑜𝑠𝑠 can also be computed as a function of TES temperature through semi-empirical heat transfer 

correlations [257]. 

 

Alongside dynamics, spatial effects could also be accounted for when modelling a TES. Coupling 3-D 

or 2-D models to system-level simulations involves a high computational burden, so 1-D or layered 

approaches are often pursued [258]. These TES models are obtained by specifying energy 

conservation equations for a unit volume of the heat transfer fluid and storage medium and result 

in a set of partial differential equations coupled by the heat transfer term. A constitutive equation 

expressing the heat transfer based on TES and fluid temperatures is needed, together with boundary 

and initial conditions. For a packed bed of rocks, which is a common yet not the only TES solution for 

TMES (see Section 2.3.2), a 1-D, transient model reads: 

 

 
𝜌𝑓𝑐𝑝,𝑓

𝜕𝑇𝑓

𝜕𝑡
+ 𝜌𝑓𝑐𝑝,𝑓𝑢

𝜕𝑇𝑓

𝜕𝑧
=
𝜕

𝜕𝑧
(𝜆𝑓

𝜕𝑇𝑓

𝜕𝑧
) − 𝑈

1 − 𝜎

𝜎
(𝑇𝑓 − 𝑇𝑠) 

 

3.22 

 
𝜌𝑠𝑐𝑝,𝑠

𝜕𝑇𝑠
𝜕𝑡

=
𝜕

𝜕𝑧
(𝜆𝑠

𝜕𝑇𝑠
𝜕𝑧
) + 𝑈(𝑇𝑓 − 𝑇𝑠) − 𝑈𝑙𝑜𝑠𝑠(𝑇𝑠 − 𝑇0) 

 

3.23 

 

The model is completed by a heat transfer correlation such as [259]: 

 

 
𝑈 = 700(

4�̇�𝑓

𝑑𝜋𝐷2
)
0.76

 3.24 

 

where 𝐷 represents the packed bed diameter and d is the average diameter in the packing. 

 

Differential models reproduce the operation of TES devices with high levels of detail. Thermal 

stratification, inlet and exit losses, charging and discharging transients can all be captured. The 

inclusion of differential TES models within a system-scale simulation allows to properly simulate 

system operation and link performance to TES dynamics. Typical examples include CSP plants, CAES 

and LAES [260]. 
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3.3 Linear programming optimisation 

A recurring problem in engineering applications is assigning the value to a specific set of variables so 

that a certain function of the variables themselves is minimised (or maximised). This paradigm 

represents an optimisation problem. The function to be minimised or maximised is called objective 

function, and the set of values leading to the best result represents the optimal solution. Additionally, 

optimisation problems may be subject to a number of constraints, meaning specific relations 

between variables, or a combination of variables, that any feasible solution must satisfy. 

 

If the problem objective function and constraints only involve either continuous or integer variables 

and linear relationships between them, the generic optimisation problem can be formulated as: 

 

 min
𝒙,𝒚
(𝑐𝑇𝒙 + 𝑑𝑇𝒚) 

s.t. 
𝐴𝒙 + 𝐵𝒚 = 𝑏 
𝒙 ≥ 0 ∈ ℝ𝑁𝑥 , 𝒚 ∈ {1, 0}𝑁𝑦   

3.25 

 

where 𝒙 and 𝒚 are, respectively, continuous and binary decision variables, 𝑐  and 𝑑  represent the 

cost vectors, 𝐴 and 𝐵 the coefficient matrices and 𝑏 the vector of known terms that are used to 

express the constraints; 𝑁𝑥  and 𝑁𝑦 represent the dimension, respectively, of the continuous and the 

integer variable vectors. Here and in the rest of this thesis, problem decision variables are denoted 

by bold-face characters to be distinguished from model parameters. 

 

The model problem of Equation 3.25 is an MILP optimisation. MILP is not the only paradigm of 

optimisation – a number of alternative approaches have been studied, including nonlinear 

programming, stochastic programming, evolutionary algorithms, heuristics and hybrid solutions 

[261]. Yet, MILP provides a convenient idealisation of many real-life problems and is often used for 

engineering applications. Examples include the optimal design of heat exchanger networks [262], 

optimal planning of industrial clusters [263] and optimal design of multi-energy districts [206]. A 

particularly relevant application of MILP for this thesis work is the optimal scheduling of energy 

generation assets for operational problems [264,265]. 

3.3.1 Solution techniques 

Commercial solvers such as CPLEX [266] or Gurobi [267] efficiently solve linear programming 

problems through the Simplex method [268]. However, the discrete nature of integer variables 

introduces an additional layer of complexity to MILP solution. This is typically tackled by sequentially 

relaxing integer constraints into continuous ones and using the Simplex to obtain a lower bound (for 

minimisation problems) to the objective function of the original problem. A solution algorithm for 

MILP problems will consecutively select the most suitable relaxations to progressively reduce the 

gap between the best objective value evaluated and the bound from the relaxed problem. Common 

MILP solution techniques are branch-and-bound or branch-and-cut [269], where tree size and 

solution time decrease with decreasing numbers of integer variables. For this reason, MILP models 

often rely on formulations that reduce the number of integers in the problem [207] or on solutions 

obtained only for typical days, through clustering or other statistical methods [270]. 
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The computational speed and robustness of the solution procedure and its independence from an 

initial guess are the main pros of MILP optimisation [223]. Cons involve the impossibility of including 

nonlinear relations between variables, which enforces simplifications and relaxation of the real 

problem constraints [271]. Yet, approximation of nonlinear relations and constraints can be included 

in a MILP problem through a prior manipulation or suitable model formulation with, for instance, 

linearisation techniques [218]. The linearisation methods used in this thesis to model nonlinear TMES 

thermodynamic characteristics are presented in Section 3.4.3. 

3.4 Model reduction techniques 

In optimisation problems, retaining simplicity is key to model tractability and efficient solution. 

Device and system models presented in Section 3.2 include nonlinear dependencies and an arbitrary 

level of complexity tied to the characteristic and constitutive equations considered, to the inclusion 

of dimensional effects and dynamic behaviour. On the contrary, the MILP optimisation framework 

presented in Section 3.3 can handle only linear relations between model variables. 

 

In order to improve the state-of-the-art modelling of TMES in system integration studies discussed 

in Section 2.5.2, the present research work relies on a number of techniques aimed at reducing 

device and system model complexity and including higher-order models into a MILP framework. The 

discussion of such techniques in the following sections is accompanied by specific applications to 

TMES assessment. 

3.4.1 Empirical characteristic parameters 

Characteristic device parameters such as polytropic efficiency of compressors and turbines [272] or 

heat exchanger effectiveness [273] are linked to the process variables by given equations. However, 

devices may experience operating conditions for which general equations or constant characteristic 

parameters are inaccurate. On the other hand, modelling system physics can be computationally 

demanding. In these cases, empirical coefficients may be used. Ad-hoc experimental rigs allow 

extracting the characteristic parameters to be integrated with device models for the investigated 

operating conditions. Alternatively, characteristic parameters may be obtained by refined simulation 

(e.g. CFD) [274] and applied to low-order models at a later stage. 

 

An example is heat transfer in LAES evaporator. In this device, transcritical conditions are associated 

with high variations of air thermodynamic properties, which result in large inaccuracies for 

traditional heat transfer correlations. On the other hand, studies pinpoint this device [109] as a major 

source of irreversibility [106] within the LAES process. For these reasons, the test rig illustrated in 

Figure 27 was set up and used to directly measure the heat transfer coefficient of supercritical 

nitrogen. 
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Figure 27: Schematic of the test rig used to measure nitrogen heat transfer coefficient in supercritical conditions and detail of the 

evacuated tube with thermocouples where Nitrogen heat transfer takes place. 

The heat transfer coefficient was predicted from the local measurements of 30 T-type 

thermocouples and then averaged over the test pipe. It was treated as a dimensionless Nusselt 

number to adapt experimental measurements to different geometries: 

 

 
𝛼 =

𝛼0𝐷0
𝐷

(
𝑢𝐷

𝑢0𝐷0
)
4/5

 3.26 

 

An overall heat transfer coefficient for supercritical conditions was evaluated from the series of heat 

transfer resistances across the test pipe: 

 

 
𝑈 = (

1

𝛼𝑖𝑛
+
𝛿𝐻𝑋
𝜆
+

1

𝛼𝑜𝑢𝑡
)
−1

 3.27 

 

Finally, the effectiveness of a balanced heat exchanger was computed based on the experimental 

measurements:  

 

 
휀 =

𝑁𝑇𝑈

1 + 𝑁𝑇𝑈
 

 
3.28 

 

In the results from Figure 28, a supercritical convective heat transfer coefficient of 6000 W/m2K was 

computed with Equation 3.26 for the operating conditions of LAES (70 bar), overall heat transfer 

coefficient 𝑈 of 420 W/m2K and 91% heat exchange effectiveness. 
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Figure 28: Experimental results used to derive the convective heat transfer coefficient in supercritical conditions and the value of heat 

exchanger effectiveness. 

The experiment thus returned the characteristic effectiveness parameter without the need to model 

the heat exchanger. Benefits from heat transfer enhancement were also empirically measured and 

reflected by variations of the effectiveness parameter, as shown above. Substituting such enhanced 

effectiveness into system models translates into techno-economic benefits at system scale. 

3.4.2 Approximation of device operation through analytical functions 

Another option to simplify system modelling is approximating the input-output relations of a process 

or a selected part of it through analytical functions. The first step consists in individuating a suitable 

mathematical function and a fitness metric. Then, a dataset describing system operation is fitted to 

the reduced model to obtain specific model parameters for the situation investigated. The training 

dataset can be obtained experimentally, from on-site measurements, or can be the outcome of a 

higher-order model which needs to be reduced. One application is linear or polynomial regression – 

univariate or multivariate – extensively used within machine learning [275], for example, to predict 

battery life and degradation based on the early cycles discharge data [276]. Other exemplary 

applications include model fitting to analytical functions to work out kinetic parameters during the 

sorption and desorption processes of thermochemical energy storage materials [277]. 

 

In the present thesis, analytical functions were used to simplify the numerical model of a packed bed 

TES presented in Equation 3.22 to 3.24. Studies have shown good agreement of thermocline profiles 

with the logistic cumulative distribution function [278]. This approach was validated for a 

thermocline TES [279] and applied in the case of CSP [260], proving capable of capturing variations 

in the operating conditions. The functional relationship reads: 
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𝑇(𝑥, 𝑡) = 𝑇𝑚𝑖𝑛 +

𝑇𝑀𝐴𝑋 − 𝑇𝑚𝑖𝑛

1 + 𝑒−
(𝑥−𝑎(𝑡))

𝑏

 3.29 

 

where 𝑇𝑀𝐴𝑋 and 𝑇𝑚𝑖𝑛 represent the maximum and minimum temperatures within the storage. The 

parameters 𝑎 and 𝑏 individuate, respectively, the central point and the slope of the logistic curve as 

a function of time. 

 

In this thesis, a set of numerical runs of the 1-D dynamic model discussed in Section 3.2.2 was carried 

out under different operating conditions. A least-square fitting problem [280] was solved using the 

sum of square errors as the fitness metric to estimate the parameters 𝑎 and 𝑏, and their dependence 

on the air flow rate circulating through the packed bed. Results of the curve fitting are shown in 

Figure 29 for rated flow rate conditions, but the analytical model fitness to numerical results was 

satisfactory in all the tested cases, with coefficients of determination between 0.992 and 0.995. Only 

minor discrepancies between the logistic curves and the full numerical model results demonstrate 

the analytical function suitability as a simplified description of packed bed TES devices. 

 

Figure 29: Packed bed fitting results during high-grade cold storage (HGCS) charging. 

3.4.3 Linearisation techniques and treatment of nonlinear constraints 

Linearisation techniques simplify nonlinear dependencies in a way that can be handled by MILP 

optimisation. Application examples include equipment costs and their variation with component 

capacity, which follows power laws [281], heat pumps coefficient of performance variations with 

temperature [282], off-design conversion efficiency of generating assets [283]. Given a function 𝑦 =

𝑓(𝑥)  of a single variable 𝑥 , its value can be sampled at 𝐼 +1 points, 𝑦𝑖 , which coincide with 

coordinates 𝑥𝑖. Then a continuous variable 𝜔𝑖  can be introduced for each interval 𝑖 between two 

breakpoints, which assumes values between 0 and 1. A further binary variable is introduced Φ𝑖 for 

each interval, with dummy value 0 at the extremes (Φ0 = Φ𝐼 = 0). Now, the value of 𝑦 = 𝑓(𝑥) can 

be approximated to a linear combination of the values at the two closest breakpoints, through the 

following set of constraints: 

 

 
∑Φ𝑖

𝐼−1

𝑖=1

= 1 3.30 



54 

 

 𝜔𝑖 ≤ Φ𝑖−1 +Φ𝑖                        ∀ 𝑖 ∈ {1,… , 𝐼} 3.31 
 

∑𝜔𝑖 = 1

𝐼

𝑖=1

 
3.32 

 
𝑥 =∑𝜔𝑖

𝐼

𝑖=1

𝑥𝑖 
3.33 

 
�̃� =∑𝜔𝑖𝑓(𝑥𝑖)

𝐼

𝑖=1

 
3.34 

 
Above, Equation 3.30 impose at most one single active interval 𝑖 at a time, Equation 3.31 ensure only 

the linear combination parameters 𝜔𝑖 and 𝜔𝑖+1 associated to the active interval are nonzero. Finally, 

equations 3.32, 3.33 and 3.34 estimate the value �̃� of the approximated function at coordinate 𝑥. 

This procedure is exemplified in Figure 30. 

 
Figure 30: Piecewise linear approximation of a univariate function. 

Similarly, piecewise linearisation techniques can be applied to bivariate functions, either by 

extending the 1-D method presented above or with the triangle or the rectangle methods explained 

in [284]. The multidimensional 1-D method extension is computationally faster but less accurate. The 

triangle and rectangle methods exhibit comparable computational time, with the former being 

typically more accurate. Vielma and Nemhauser proposed a new formulation for the triangle 

method, whose computational burden escalates favourably with the number of binary variables and 

constraints [285]. 

 

In problem constraints, bilinear terms can be approximated by McCormick envelopes, where variable 

products are substituted by a new variable bounded between the maximum and the minimum value 

of the product itself, and equality constraints are substituted by inequalities [286]. The big-M 

formulation proposed in [234] can be used to linearise the product between binary and continuous 

variables. 

3.4.4 Characteristic envelopes/maps of a device or system 

Characteristic envelopes are another convenient approach to represent device or system 

performance during operation. Through them, complex system behaviour is synthesised as a 

function of selected influential parameters. Envelopes can be obtained by experiments or simulation 
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procedures; in both cases, relevant parameters are varied, observing the evolution of one or more 

target variables. For a single relevant parameter, envelopes are visualised as line graphs, for instance, 

capturing the active power limit for aggregation of prosumers in low-voltage distribution networks 

as a function of time [287]. For two, characteristic maps can be visualised in a 3-D space. One 

example is the power output from an ORC as a function of temperature and humidity, with a given 

amount of thermal input [288]. 

 

Operating envelopes for three TMES technologies (CAES, LAES and a Rankine PTES) were computed 

in this research, starting from a detailed system model for each technology and allowing selected 

plant parameters to vary over their operating range. Results reported in Figure 31 show the 

envelopes obtained for the discharge process, i.e. the conversion between heat and power. They 

report the mass flow rate of working fluid as a function of the thermal input to the power cycle and 

TMES power output. 

 
Figure 31: Example of characteristic maps for CAES, LAES and Rankine PTES discharge process. 

Although not used to generate other results presented in this thesis work, the above characteristic 

envelopes illustrate the approach and encapsulate instructive aspects of TMES operation, which will 

be further discussed in the results chapters. For instance, they show a feasible operating region for 

each technology, linked to minimum temperature levels at the turbine outlet. They capture the 

nonlinear change in the working fluid mass flow rate for lower heat input, due to lower temperatures 

and off-design conditions in the turbines (PTES is the most affected). They show different working 

fluid consumption for variations in the power output and the compounding effect of off-design in 

the multi-stage turbines of CAES and LAES. Similar envelopes for the TMES charging process can be 

derived and normalised to be size-independent. Variables in the characteristic envelopes can then 

be selected as the variables for any relevant optimisation problem, using the linearisation techniques 

discussed in Section 3.4.3 to include them within MILP problem formulation. 

3.5 Conclusion 

In this chapter, the relevant methods to this thesis are introduced and discussed alongside 

application examples. The proposed methodological framework leverages system- and device-scale 

thermodynamic modelling and MILP optimisation techniques with the aim of achieving a more 

representative description of TMES. As discussed in Chapter 2, this should include storage technical 

characteristics and limitations, with the associated nonlinearities, to advance integration studies and 

result in a more accurate assessment of storage value. 
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In summary, system and device modelling enable a representative and arbitrarily complex 

description of TMES physics, but outcomes are not directly compatible with system-scale 

optimisation. MILP optimisation is convenient for studying storage operation within the energy 

system but requires suitable simplification and assumptions on technical storage performance. 

Model reduction techniques are used in this thesis to merge the above areas whilst preserving a 

sufficiently accurate storage description for MILP optimisation. 

3.5.1 Chapter relevance within this thesis 

The extension and application of the methods described in this chapter to the study of LAES 

operation and integration with the energy system is the object of the following results chapters. 

More specifically, off-design process modelling is exploited in Chapter 4 to obtain characteristic maps 

for LAES operations in the power system. Map linearisation and integration in an MILP optimisation 

are used in Chapter 5 and Chapter 6. Chapter 7 develops simplified device and system-scale models 

for different TMES concepts. All in all, the material presented in Chapter 3 lays the foundations for 

the methodological framework developed in the rest of this work to address the highlighted research 

questions and fulfil the thesis research objectives. 
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CHAPTER 4 
 

Off-design operation of liquid air energy 
storage under real-life conditions 

Following the presentation of this thesis’ background in the Introduction and Chapter 2 and the 

methodology in Chapter 3, this is the first of four results chapters, each addressing one of the 

identified thesis objectives. Existing LAES performance predictions refer to steady operation at rated 

conditions and arbitrage applications. However, in this results chapter, the real-life thermodynamic 

performance of LAES is explored outside those restrictive conditions, extending the analysis to the 

provision of energy balancing and reserve services in the electricity market. A validated off-design 

model of LAES is presented and used to understand the links between the market services considered 

and the performance of each component in the LAES process. Results demonstrate that: i) a strong 

link between market service and LAES operation exists and cannot be neglected; ii) roundtrip 

efficiency and liquid air consumption can vary by up to 30% during off-design operation, causing some 

10 k£/MW of missed yearly revenues; iii) the effect of off-design conditions mainly affects low-

pressure turbines among LAES components. A suitable regulation strategy is shown to alleviate the 

insurgence of off-design conditions yet not prevent it. In this chapter, the thesis objective to 

characterise and techno-economically evaluate the off-design operation of LAES under real-life 

conditions is fulfilled by showing the associated impact both on performance and revenue prediction. 

These outcomes enable studying the energy system integration of LAES with a realistic estimation of 

its thermodynamic performance, as presented in Chapter 5. 
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4.1 Introduction 

One of the major research questions resulting from the literature survey of Chapter 2 concerns the 

accurate representation of LAES during real-life operation when plant and device experience 

performance variation outside rated conditions. Simple models for design-point operation have been 

proposed so far; yet, the integration of LAES within the energy system involves external constraints 

on the power levels to be satisfied, which result in variable setpoints. Indeed, even in the simplest 

energy balancing case according to arbitrage alone, studies have shown time variations of the 

optimal power input and output profiles of LAES [140,181]. The methodological foundations for 

predicting device and plant performance under off-design conditions have been presented in 

Chapter 3. Their application to study LAES operation with a variable output setpoint is detailed 

hereafter. 

 

This results chapter tackles the lack of thermodynamic assessment of LAES operation under variable 

power output conditions. In particular, the fact that LAES can provide a portfolio of storage services 

for both energy balancing and reserve provision – which introduce new charging/discharging 

requirements alongside part-load operation – is addressed. Thorough discussion focuses on: i) the 

understanding of why and how LAES technical performance is affected by the requirements of 

different market services to be provided; and ii) what is the technical and economic impact of LAES 

off-design operations when providing different market services. Finally, alternative operating 

strategies are compared based on their impact on the LAES techno-economic performance. The 

results in this chapter are particularly relevant from the perspective of a more diversified operation 

of LAES, which increases its contribution to grid balancing and may foster business cases. They 

progress the current understanding of standalone LAES off-design operation and provide a more 

accurate picture of both the capability of LAES to provide market services and the financial value to 

be extracted. 

 

The chapter is organised as follows: the background and assumptions relevant to the current study 

are outlined in Section 4.2; specific elements of the mathematical model developed and its validation 

are reported in Section 4.3. Then, Section 4.4 presents the results from off-design LAES operation, 

and Section 4.5 further elaborates on their techno-economic implications, also presenting and 

assessing a regulation strategy to improve variable LAES performance. Finally, Section 4.6 presents 

this chapter's conclusions and outlook. 

4.2 Background and assumptions 

4.2.1 LAES standalone plant 

The analysed plant is based on previous work [106] and is represented in Figure 32. It consists of a 

100 MW LAES system with 3 hours of rated sustained discharge (300 MWh capacity) and 70 MW 

power input to air liquefaction during charge. It is a standalone plant, which was chosen to avoid 

case-specific considerations linked with process co-location, yet reaching comparable exergy 

efficiency with hybrid plants, as explained in Section 2.3.3. The plant features internal recycle of 

evaporation cold through high-grade cold storage (HGCS). Due to thermal stability and low cost, a 
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packed bed layout using quartzite-based gravel and direct heat transfer with an air loop was chosen 

[97]. Conversely, compression heat is recycled via a two-tanks sensible TES using diathermal oil. This 

way, the internally produced thermal streams are recirculated to boost system performance and 

enhance overall efficiency. 

 

The main figures for the proposed plant design are gathered in Table 8, which includes the 

thermodynamic properties of the thermal storage materials considered for the study. The 

operational parameters of the plant were defined in order to optimise its roundtrip efficiency at 

design conditions (interested readers can refer to [106] for further information). According to the 

literature, conservative values of efficiency for power-related equipment were used [98]. 

Table 8: Main parameters for the proposed standalone plant. 

Quantity Value 

Rated power output 100 MW 

Rated discharging pressure 75 bar 

Energy capacity 300 MWh 

Nominal discharge time 3 h 

Liquefaction power input 70 MW 

Rated charging pressure 185 bar 

Liquid air storage tanks 3000 ton 

Specific heat capacity of rocks 541 J/kgK 

Cold storage volume 9200 m3 

Specific heat capacity of diathermic oil 2200 J/kgK 

Hot storage volume 4000 m3 
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Figure 32: Process flow diagram of the investigated 100 MW/300 MWh LAES standalone plant. 
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4.2.2 Balancing services and LAES duty cycle 

As discussed in Section 2.4, LAES participation in multiple balancing services is advisable in future 

energy systems. In the UK electricity market, short term operating reserve (STOR) and fast reserve (FR) 

appear suitable for LAES technical features and were considered in the present analysis, alongside 

arbitrage. Specifically, STOR providers must be ready in the availability windows to supply a minimum 

capacity of 3 MW within 4 h from instruction, while, for FR, at least 50 MW and less than 2 min 

response time is required [164]. Three operational modes were defined, as illustrated in Figure 33 to 

account, respectively, for LAES participation in arbitrage alone, arbitrage and STOR, or arbitrage and 

FR and thus portray different contributions of LAES to grid balancing. Within each mode, the power 

committed to the reserve services was assumed based on the reports from the UK energy system 

operator. In Mode 2, 10 MW were reserved for STOR (in the season 2016-2017, 67.1% of the UK 

providers offered to STOR between 3 and 10 MW [163]), while 50 MW were assigned to FR, in Mode 

3 (see Table 9), in compliance with the specification on minimum power commitment presented 

above. 

 

Figure 33: Schematic of the considered services, among the ones available in the UK market. 

For each mode of operation, a representative LAES duty cycle was designed in such a way that fulfils 

the requirements of the balancing services considered for the specific mode of operation. Hence, 

charging and discharging times are consistent with the electricity price evolution, while power 

setpoints during the reserve availability windows ensure the committed capacity can be delivered. The 

duty cycles are illustrated in Figure 34. Such archetype cycles served as input to the numerical model 

of LAES developed, which allows simulating LAES operation once following the cycles. Ultimately, a 

representative LAES thermodynamic performance is achieved by the combination of the two above 

elements: a realistic operational cycle for each combination of balancing services considered and a 

thermodynamic system model capable of evaluating LAES performance when operating according to 

such cycle. 

Table 9: Selected operating modes for LAES. 

Operating mode Arbitrage STOR Fast reserve 

Mode 1 ✓ 100 MW     

Mode 2 ✓ 90 MW ✓ 10 MW   

Mode 3 ✓ 50 MW   ✓ 50 MW 
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Across all the modes, LAES charging process was considered to take place during night-time, which 

commonly coincides with low electricity price period. Best charging and discharging periods were 

determined with 1-h resolution, based on the inspection of UK electricity spot prices referring to winter 

20176. Then, the power allocated to STOR (Mode 2) and to FR (Mode 3) was deducted from the total 

discharge power of the LAES plant. This is because the ideal discharging period for arbitrage was found 

to coincide with the reserve availability window. On the other hand, no delivery of reserve services 

was considered at this stage, since available market reports showed less than 3% call probability for 

STOR [163] and about 5% for FR [289] over a typical year. Even if real-time reserve market participation 

could, in the event of a service call, result in a different duty profile for Mode 2 and 3, in most cases 

daily operation will involve service commitment only. On the other hand, it is unlikely variations in the 

electricity price profile would displace discharging period outside the availability windows. Hence 

cycles for Mode 2 and 3 can be considered sufficiently accurate and thus appropriate to assess their 

impact on the thermodynamic performance of LAES. 

 

Figure 34: Selected duty cycles for LAES in the different operating modes. 

4.3 Numerical modelling of LAES and performance assessment 

Figure 35 schematically describes the framework used for setting up the numerical model of LAES, 

which was then implemented in EES (Engineering Equation Solver), in conjunction with MATLAB. The 

LAES model thoroughly described in [106] was used as the backbone; it comprises energy, mass and 

momentum conservation equations for each LAES component (following the approach presented in 

Section 3.2). On top of it, characteristic equations capturing off-design operation of turbines, heat 

exchangers and cryogenic pumps were systematically implemented for the PRU. 

 
6 https://www.nordpoolgroup.com/historical-market-data/ 

https://www.nordpoolgroup.com/historical-market-data/
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Figure 35: Conceptual drawing of the modelling framework for the present analysis. 

More specifically, turbine maps were used to describe the variation of device efficiency and expansion 

ratio as a function of the corrected rotational speed and mass flow rate parameters: 

 

 휂𝑇
휂𝑇,0

= 𝑓1(𝑛𝑇
′ ,𝑚𝑇

′ ) 4.1 

 Π𝑇
Π𝑇,0

= 𝑓2(𝑛𝑇
′ ,𝑚𝑇

′ ) 
4.2 

 

The effect of flow and fluid properties on heat transfer in the heat exchangers was accounted through 

the 휀 − 𝑁𝑇𝑈 method [253]: 

 

 휀 = 𝑓(𝑁𝑇𝑈, �̇�𝑅 , 𝐻𝑋 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦) 4.3 

 

The specific function from Equation 4.3 was chosen considering a counterflow heat exchanger 

configuration. Also, the Dittus-Boelter correlation was used to link the rated and off-design overall 

heat transfer coefficient for the calculation of 𝑁𝑇𝑈 [273], in the case of turbulent flow regime, so that: 

 

 
𝑈 = 𝑈0 (

�̇�𝐻𝑋
�̇�𝐻𝑋,0

)

0.8

 4.4 

 

The affinity law was used to model the cryogenic pumps, with device efficiency curve as a function of 

the mass flow rate retrieved from [290] and fitted to a second-order polynomial (coefficients are 𝑎1 =

−1, 𝑎2 = 2 and 𝑎3 = 0; the coefficient of determination 0.991). An analytical model for the HGCS was 

used, as described in Section 3.4.2, which uses a logistic cumulative distribution function to 

approximate the thermocline behaviour. This allowed close approximation of the results from a 

validated 1-D, transient storage model developed in COMSOL [106] at a minimal computational 

expense. Model parameters for LAES discharging process are gathered in Table 10. 
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Table 10: Model parameters for LAES discharging process. 

Parameter Value 

Rated mass flow rate 212 kg/s 

Turbine rated efficiency 0.85 

Turbine rated rotational speed 1500 rpm 

Turbine rated inlet temperature 613 K 

High-pressure (HP) turbine rated inlet pressure 74 bar 

Medium-pressure (MP) turbine rated inlet pressure 19 bar 

Low-pressure (LP) turbine rated inlet pressure 5 bar 

Cryopump rated efficiency 0.75 

Heat exchanger rated effectiveness 0.95 

Evaporator effectiveness 0.95 

Mechanical efficiency 0.97 

Components pressure drop  1% 

 

Concerning LAES discharging process, i.e. air liquefaction, costant power input and no off-design for 

power devices were considered because: i) the selected reserve services imply extra power generation 

rather than reduction of the plant load; ii) LAES charging conventionally takes place outside reserve 

windows; and iii) air liquefaction is a highly energy-intensive process thus run at rated conditions. 

However, as charge and discharge subprocesses are linked by the cold and hot recycle streams (see 

Figure 35), off-design temperatures along the charging cycle can be driven by deviations of the PRU 

and the developed LAES model captures such behaviour. Model parameters for LAES discharging 

process are gathered in Table 11. 

Table 11: Model parameters for the LAES charging process. 

Parameter Value 

Ambient temperature 288.15 K 

Ambient pressure 1.01 bar 

Compressor efficiency 0.85 

Cryoturbine efficiency 0.7 

Heat exchanger effectiveness 0.97 

Mechanical efficiency 0.97 

Components pressure drop  1% 

Pinch point ∆T in the cold box 5 K 

 

4.3.1 Model validation 

The capability of the model to replicate nominal LAES operation was first validated by comparing the 

obtained predictions with those from [106], where steady-state, rated conditions are considered. 

Furthermore, the reference model in [106] was already proven to be consistent for simulation at design 

conditions, as successfully validated in previous works. Table 12 compares the predictions of the model 

presented here with the reference values. In Table 12, discrepancies always remained well within 2%, 

which clearly shows the robustness and accuracy of the LAES plant model proposed here. Furthermore, 

in absence of experimental data of LAES operation ultimately needed for the validation of the full off-
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design LAES model, its suitability for investigating the thermodynamic performance of LAES when 

operated according to the modes presented in Section 4.2.2, is inferred by: i) model validation at rated 

conditions and ii) use of validated off-design models for individual components (pump and turbine 

maps, packed bed cold storage). 

Table 12: Validation of LAES off-design model. Selected thermodynamic and characteristic values. 

Property Reference value Model prediction Deviation 

HP turbine efficiency [-] 0.85 0.85 0.0% 

MP turbine efficiency [-] 0.85 0.85 -0.1% 

LP turbine efficiency [-] 0.85 0.85 -0.2% 

HP turbine expansion ratio [-] 3.7 3.69 -0.3% 

MP turbine expansion ratio [-] 3.7 3.70 0.1% 

LP turbine expansion ratio [-] 3.7 3.71 0.2% 

Cryopump efficiency [-] 0.75 0.75 0.0% 

Recuperator effectiveness [-] 0.95 0.95 -0.2% 

Discharging mass flow rate [kg/s] 211.8 211.5 -0.1% 

Specific work output [kJ/kgliq] 472.2 472.8 0.1% 

Specific cold recycle [kJ/kgliq] 362.4 361.0 -0.4% 

Cryopump duty [kW] 2389 2389 0.0% 

PRU outlet pressure [bar] 1.41 1.40 -1.0% 

Maximum air temperature [K] 621.1 620.7 -0.1% 

 

4.3.2 Performance indicators 

On top of the typical performance indicators, namely specific work 𝑤, hot and cold recycle 𝑞𝐻𝑅 and 

𝑞𝐶𝑅 and roundtrip efficiency 휂𝑅𝑇, liquid yield was quantified for the liquefaction cycle as the ratio of 

the produced liquid mass flow rate to the total air mass flow rate through the Claude cycle: 𝑌 =

�̇�𝑙𝑖𝑞/�̇�𝑐ℎ𝑟 . To achieve further thermodynamic insights, exergy analysis was carried out. Exergy 

streams were clustered as feeders, losses, exergy destruction and useful products for each individual 

component so that: 

 

 𝐸�̇�𝑓𝑒𝑒𝑑 = 𝐸�̇�𝑝𝑟𝑜𝑑 + 𝐸�̇�𝑙𝑜𝑠𝑠 + 𝑇0Σ 4.5 

 

Table 13 reports the definition of feeders, losses and products for the individual devices making up the 

LAES plant. Finally, exergy (second law) efficiency and specific irreversibility generation were 

calculated, respectively, by equations 4.6 and 4.7: 

 

 
휂𝐸𝑥 =

𝐸�̇�𝑝𝑟𝑜𝑑

𝐸�̇�𝑓𝑒𝑒𝑑
 4.6 

 

 
𝜙 =

𝑇0Σ

𝐸�̇�𝑓𝑒𝑒𝑑
 4.7 
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Table 13: Equations used for computing the exergy parameters of every component. 

Component Feeder (𝐸�̇�𝒇𝒆𝒆𝒅) Entropy generation (𝑇0Σ) Product (𝐸�̇�𝒑𝒓𝒐𝒅) 

Mixing device ∑ �̇�𝑖

𝑖𝑛

𝑒𝑥𝑖  ∑ �̇�𝑖

𝑖

𝑒𝑥𝑖  ∑ �̇�𝑖

𝑜𝑢𝑡

𝑒𝑥𝑖  

Compressor −�̇� −�̇� + �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) �̇�(𝑒𝑥𝑜𝑢𝑡 − 𝑒𝑥𝑖𝑛) 

Heat exchanger ∑ �̇�𝑖𝑓𝑒𝑒𝑑 (𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡)𝑖
* ∑ �̇�𝑖

𝑖

(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡)𝑖
 

∑ �̇�𝑖𝑝𝑟𝑜𝑑 (𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡)𝑖
* 

Turbine �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) −�̇� + �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) �̇� 

Cryo expander �̇� + �̇�𝑙𝑖𝑞𝑒𝑥𝑙𝑖𝑞  −�̇� +∑ �̇�𝑖

𝑖

𝑒𝑥𝑖  �̇�𝑖𝑛𝑒𝑥𝑖𝑛 + �̇�𝑣𝑎𝑝𝑒𝑥𝑣𝑎𝑝 

Pump −�̇� −�̇� + �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) �̇�(𝑒𝑥𝑜𝑢𝑡 − 𝑒𝑥𝑖𝑛) 

J-T valve �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) �̇�(𝑒𝑥𝑖𝑛 − 𝑒𝑥𝑜𝑢𝑡) 0 

* In the case of heat exchangers, feeders are all the streams whose specific exergy 𝑒𝑥 reduces, while products are all the 
streams whose specific exergy increases through the component. 

 

4.3.3 Economic analysis 

To study the economic impact of considering accurate system performance on the LAES revenues for 

operation in Mode 1, Mode 2 and Mode 3 (see Table 9), plant operation based on design-point and 

off-design models were compared for each of those three case studies. Average sell and buy prices for 

arbitrage were used. On the other hand, reserve service remuneration consists of an availability fee, a 

utilisation fee and, for FR only, a positional fee (see Section 2.4.1). Numerical figures were retrieved 

from the UK energy system operator [163,289] and are listed in Table 14, alongside other inputs to the 

economic analysis. 

Table 14: Key input parameter to the economic assessment 

Parameter Value Units Source 

Average buy price, 𝜋𝑏𝑢𝑦
𝑒𝑙  27 [£/MWh] [140,291] 

Average sell price, 𝜋𝑠𝑒𝑙𝑙
𝑒𝑙  80 [£/MWh] Calculations* 

STOR availability fee, 𝜋𝑆𝑇𝑂𝑅
𝑎𝑣𝑎  42.5 [£/h] [163] 

STOR utilisation fee, 𝜋𝑆𝑇𝑂𝑅
𝑢𝑡𝑖𝑙  150 [£/MWh] [163] 

FR availability fee, 𝜋𝐹𝑅
𝑎𝑣𝑎 210 [£/h] [289] 

FR positional fee, 𝜋𝐹𝑅
𝑝𝑜𝑠

 90 [£/h] [289] 

FR utilisation fee, 𝜋𝐹𝑅
𝑢𝑡𝑖𝑙 100 [£/MWh] [289] 

Arbitrage cycles 300 [1/year] Assumption 

STOR calls, 𝜏𝑆𝑇𝑂𝑅 112 [h/year] [163] 

STOR availability, 𝜏𝑆𝑇𝑂𝑅
𝑎𝑣𝑎  3884 [h/year] [163] 

FR calls, 𝜏𝐹𝑅 304 [h/year] [289] 

FR availability, 𝜏𝐹𝑅
𝑎𝑣𝑎 6107 [h/year] [289] 

*Given electricity price time series, computed average value for 3 hours daily discharge. 

 

LAES was assumed to be charged for 300 yearly cycles of 9 h each, according to its nominal design. The 

energy output devoted to the i-th reserve service, �̇�𝑑𝑠𝑐,𝑖 𝜏𝑖  was computed once knowing the yearly 
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duration of calls to STOR and FR (see Table 14). The remaining capacity used for arbitrage and the 

actual plant roundtrip efficiency, 휂𝑅𝑇
′ , were computed by ensuring energy conservation: 

 

 

{

�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟휂𝑅𝑇
′ = �̇�𝑑𝑠𝑐𝜏𝑑𝑠𝑐 + �̇�𝑑𝑠𝑐,𝑖 𝜏𝑖

휂𝑅𝑇
′ =

�̇�𝑑𝑠𝑐𝜏𝑑𝑠𝑐휂𝑅𝑇 + �̇�𝑑𝑠𝑐,𝑖 𝜏𝑖휂𝑅𝑇,𝑖

�̇�𝑑𝑠𝑐𝜏𝑑𝑠𝑐 + �̇�𝑑𝑠𝑐,𝑖 𝜏𝑖

 4.8 

 

Ideal cases were assessed considering fixed plant roundtrip efficiency 휂𝑅𝑇 at design value. For cases 

with and without regulation, on the contrary, round trip efficiency values obtained from the off-design 

model were used, depending on the specific mode. During reserve provision, 휂𝑅𝑇,𝑖  was fixed at its 

design value. Finally, the yearly revenue for each mode was quantified by adding all the relevant 

revenue streams of Mode 1, 2 and 3, respectively, and subtracting the cost associated with electricity 

purchase; this is explained in Table 15. 

Table 15: Economic model equations used to compute the revenue of each operating mode. 

Description Equation Relevant to Mode 

Arbitrage revenue �̇�𝑑𝑠𝑐𝜏𝑑𝑠𝑐𝜋𝑠𝑒𝑙𝑙
𝑒𝑙  1, 2, 3 

STOR revenue �̇�𝑑𝑠𝑐,𝑆𝑇𝑂𝑅𝜏𝑆𝑇𝑂𝑅𝜋𝑆𝑇𝑂𝑅
𝑢𝑡𝑖𝑙 + 𝜏𝑆𝑇𝑂𝑅

𝑎𝑣𝑎 𝜋𝑆𝑇𝑂𝑅
𝑎𝑣𝑎  2 

FR revenue 𝜏𝐹𝑅(�̇�𝑑𝑠𝑐,𝐹𝑅𝜋𝐹𝑅
𝑢𝑡𝑖𝑙 + 𝜋𝐹𝑅

𝑝𝑜𝑠
) + 𝜏𝐹𝑅

𝑎𝑣𝑎𝜋𝐹𝑅
𝑎𝑣𝑎 3 

Electricity purchase �̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟𝜋𝑏𝑢𝑦
𝑒𝑙  1, 2, 3 

 

4.4 Results 

In this section, results from the simulations performed highlighting the links between LAES 

thermodynamic performance and the operating modes are presented and discussed. First, model 

outcomes for the whole LAES plant are detailed in Section 4.4.1; then, in Section 4.4.2, the focus is 

shifted to specific plant components. 

4.4.1 System-level assessment of LAES operating modes 

Under the three modes considered, LAES ideal operation, i.e. charging and discharging at design 

conditions, is only possible in Mode 1. When participating in STOR and FR services (Mode 2 and Mode 

3), only a reduced power output can be allocated for arbitrage purposes. Hence, the PRU is restricted 

to part-load operation in these modes. The main performance parameters summarised in Table 16 for 

each operating mode reflect such limitations, especially for the PRU, where the specific work output 

reduces from 473 to 301 kJ/kg between Mode 1 and Mode 3, and the specific hot recycled also 

decreases by about one third. Part-load inefficiencies represent the key mechanism leading to poor 

plant performance, as described below and in section 4.4.2. In contrast, the liquefaction cycle 

experiences little or no variations, and liquefaction work is steadily in the range 270-290 kWh per ton 

of liquid air, consistent with state-of-the-art cryogenic cycles [18,105]. 
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Table 16: Major LAES performance parameters under the different operating modes (variations are expressed relative to Mode 1). 

Parameter 
Mode 1 Mode 2 Mode 3 

Value Value ∆ Value ∆ 

Specific work output [kJ/kgliq] 473.0 451.1 -5% 301.1 -36% 

Specific liquefaction work [kJ/kgliq] 985 1015 3% 972 -1% 

Specific cold recycle [kJ/kgliq] 359 355 -1% 353 -2% 

Specific hot recycle [kJ/kgliq] 527 505 -4% 354 -33% 

Cold recycle temperature (point 3C) [K] 93.0 93.0 0% 92.8 0% 

Cold recycle flow rate (point 3C) [kg/s] 135 127 -6% 141 4% 

Liquid yield [%] 77% 75% -3% 78% 1% 

 

The thermodynamic states for the charging and discharging processes of the LAES plant for Mode 1 

(only arbitrage) and Mode 3 (arbitrage and FR), as presented in the T-s diagrams of Figure 36, confirm 

such behviour. From Figure 36 left it can be appreciated that no noticeable change occurs in the air 

liquefaction process as LAES charging runs steadily at rated power, without departing from nominal 

operating conditions. On the contrary, thermodynamic conditions change considerably when 

discharge is operated according to Mode 3 instead of Mode 1. 

 

In Mode 3, partial load conditions occur since part of the LAES power output is committed to delivering 

FR upon request from the network operator, as captured by the duty cycle from Figure 34. During part-

load operation, the rotational speed of the cryogenic pump is decreased, circulating less liquid air flow 

rate for reduced power output. In turn, this results in a lower pressure head (point 17 in the T-s 

diagram), following the affinity law for pumps. The reduced air flow rate also impacts the temperature 

levels along the discharging cycle. The inlet temperature of each turbine increases slightly (points 20, 

22 and 24) due to a higher heat transfer rate in the reheaters (higher 𝑁𝑇𝑈 ). However, a major 

temperature increase is also registered at the outlet of the expansion stages, leading to overall worse 

use of the available heat from the hot recycle (heat of compression). The absolute value plummets 

from 112 to only 58 MW, when LAES discharge is operated according to Mode 3, corresponding to a 

33% decrease per unit liquid air flowing through the discharging process. A major effect from the 

reduced-power operation is also observed in the expansion processes (segments 20-21, 22-23 and 24-

25). 

 

Figure 36: Temperature-entropy diagrams for LAES charging (left) and discharging (right) processes. 
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From a thermodynamic standpoint, the allocation of 10 MW to STOR has only a marginal effect on the 

plant, but when higher power commitments are required for reserve service provision, the impact is 

relevant. Lower working pressures in the PRU lead to slightly lower temperatures at the pump outlet, 

which could potentially be beneficial for cold recycle. However, deviations reported in Table 16 are 

small and make this effect negligible. Interestingly, this result suggests that, even if LAES charging and 

discharging are tightly interconnected [98], off-design operation independently affects the involved 

subprocess, with marginal mutual interaction. 

Exergy analysis – system level 

To gain further insights into the impact of different irreversibility mechanisms on system performance, 

exergy pie charts were generated. Useful outputs are represented in yellow and defined as follows: 

 

• Charging process: liquid air and hot thermal energy 

• Discharging process: electrical power output and cold thermal energy 

 

Shades of blue refer to exergy destruction through irreversibility (entropy generation) and losses from 

the system to the environment. All the quantities were expressed as a percentage of the net exergy 

input to charging and discharging subprocesses. 

 

Liquefaction exergy efficiency is 84%, both when operating according to arbitrage alone and when 

adding reserve services. Only 14 MW of the input exergy is destroyed in the process, mostly due to 

heat exchange and compression. More interestingly, significant variations in the exergy distribution 

within the PRU are observed, under the different operating modes, as shown in Figure 37. Percentage 

comparison provides a piece of valuable information here, as absolute exergy values may be 

misleading given the different power outputs between the operating modes. 
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Figure 37: Exergy pie chart for LAES discharging process, under the selected operating modes. 

The exergy efficiency of the PRU is significantly affected when LAES participates in reserve services 

(Mode 2 and Mode 3): 3 percentage points are lost when considering STOR and 16 for FR. The variation 

is entirely due to the reduction in conversion efficiency to electrical power output, as the cold recycle 

was found not to be affected. 

 

With LAES at part-load, exit losses (i.e. exergy losses from the pressure and temperature conditions of 

the outlet air stream being different from those of the ambient) and hot rejection in the hot recycle 

represent the key mechanisms leading to exergy loss, due to thermodynamic states drifting from 

design conditions. Air leaves the PRU at higher temperatures and pressures; increasing quantities of 

thermal energy are rejected towards the environment before point 9H. For operation under arbitrage 

and STOR, these are the only additional loss sources. However, when reserve services require higher 

power commitments (FR in this case), exergy destruction share also increases, meaning the 

thermodynamic process operates less efficiently. 

4.4.2 Component-level assessment of LAES operating modes 

Because the participation in reserve markets introduces performance deviations of LAES mainly in the 

discharging process, when looking at the impact of LAES part-load operation component by 

component, a particular focus is owed to the PRU. In particular, the performance of the cryogenic 

pump and heat exchangers is only partially affected by variations in the LAES power output. At part-

load, pump efficiency drops from 75% to 71.5% in Mode 3. Less liquid air circulates through the power 

cycle, and the effectiveness of heat exchangers slightly increases with the increase in 𝑁𝑇𝑈. However, 

this variation is limited (within 1%) as the rated values of effectiveness are already large. Turbines, on 

the contrary, are significantly affected: their isentropic efficiency diminishes as well as the 

corresponding expansion ratios, as illustrated in Figure 38. 

 

Figure 38: Turbine characteristic parameters for different operating modes. 

The operating mode of the plant affects the thermodynamic states along LAES power recovery unit 

(see Figure 36). Therefore, all three expansion stages experience a deviation with respect to the rated 

inlet conditions in terms of mass flow rate, pressure and temperatures. This triggers off-design 

operation, with the associated reduction of turbine efficiency and achievable pressure ratio. However, 

Figure 38 shows that the impact of off-design conditions is different for each turbine stage and the 

low-pressure turbine experiences the largest variation in efficiency and pressure ratio. This is due to a 
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compounding effect of the off-design conditions occurring in the HP and MP turbine, which cause a 

significant change in the inlet conditions to the LP turbine, as illustrated by point 24 on the T-s diagram 

of Figure 36. As a result, the efficiency of LP turbine drops by 60% when the plant operates in Mode 3. 

Therefore, to reduce the impact of off-design operation it might be necessary to cap the maximum 

power allocated to reserve services. Expansion ratios also diminish for Mode 2 and 3. The effect is in 

this case comparable for each turbine stage. The inlet temperatures remain nearly constant for each 

stage, and thus expansion ratios are a function of mass flow rate only, whose change with respect to 

design values is identical for each stage when the plant operates in Mode 2 or 3. 

 

Effects on efficiency and pressure ratio are the main drivers for the reduced specific work output 

observed in section 0. Indeed, a good estimation of the specific work output for LAES can be computed 

by neglecting the work required by the cryogenic pump (only 2-3% of the net energy production) and 

thus considering only the individual contribution from each expansion stage, according to Equation 

4.9: 

 

 
𝑤𝑑𝑠𝑐 ≈∑휂𝑇,𝑖𝑐𝑝𝑇𝑖𝑛,𝑖 (Π𝑇,𝑖

𝛾−1
𝛾 − 1)

𝑖

 4.9 

 

Throughout the different operating modes, inlet temperatures 𝑇𝑖𝑛,𝑖  remain basically constant for all 

the stages. On the contrary, expansion ratios Π𝑇,𝑖 and isentropic efficiencies 휂𝑇,𝑖 are reduced in value, 

compromising component efficiency when running at part-load. Along with the described effect on 

plant power output, lower expansion ratios also mean higher outlet temperatures from the turbines, 

as highlighted in section 0. Higher heat rejection in the hot recycle, observed for off-design conditions, 

is a direct consequence. 

 

To conclude the discussion around turbines, Table 17 shows the inlet pressure in the turbine stages for 

the different operational modes. It is interesting to observe that inlet pressure for HP stage decreases 

in Mode 2 and 3 compared to Mode 1, while the opposite occurs for the MP and LP turbine. In Mode 

2 and 3 the LAES power output is reduced compared with Mode 1, which results in a lower pressure in 

the air circuit of the discharge process, and thus a lower inlet pressure for the HP turbine. However, 

the expansion ratio for HP turbine stage decreases as well (see Figure 38), causing higher pressure 

downstream the HP turbine and thus for the MP and LP turbines (deviations up to almost 40%). A 

regulation strategy aiming to limit the inlet pressures to rated values for MP and LP stages was 

proposed; it is discussed in Section 4.5.1. 

Table 17: Absolute and normalised inlet pressures to the turbine stages for different operating modes. 

Mode 
HP Turbine MP Turbine LP Turbine 

[bar] [-] [bar] [-] [bar] [-] 

Mode 1 72.9 1.00 19.6 1.00 5.2 1.00 

Mode 2 70.8 0.97 20.0 1.02 5.6 1.08 

Mode 3 67.4 0.92 21.4 1.09 7.1 1.37 
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Exergy analysis – component level 

A turbine performance deterioration is also apparent from an exergy standpoint and particularly 

severe for the low-pressure stage, as illustrated in Figure 39. Irreversibilities in the turbine stages add 

up to account for the majority of exergy destruction in the process. The total value attributed to 

turbines is 33% higher when participating to FR, as compared to arbitrage alone. Exergy destruction by 

expansion increases from 15 MW to almost 20 MW, causing a reduction in the turbine exergy 

efficiency, especially for the low-pressure stages. It is therefore crucial to guarantee high turbine 

efficiency to achieve good system performance. Thus, finding strategies for reducing the effect of off-

design conditions in the expansion stages is important and may lead to large improvements in LAES 

operation. 

 

Figure 39: Exergy destruction and exergy indicators for the PRU components for different operating modes. 

A significant share of exergy destruction takes place in the evaporator, in agreement with the findings 

from other studies [292]. However, off-design conditions do not alter significantly component 

operation: irreversibility in the evaporator is caused by variation of thermo-physical properties of air 

under supercritical conditions and the appearance of a pinch point inside the component. Exergy 

destruction is more evenly distributed between the evaporator and recuperator in Mode 3, due to 

higher ∆T in the latter. Evaporator exergy efficiency slightly diminishes from 76% to 74% due to poorer 

matching between temperature profiles of the hot and cold streams, as illustrated by the composite 

curves reported in Figure 40. Splitting the evaporation into multiple sections would allow adjusting the 

mass flow rate of the secondary streams independently [109], which could be particularly useful for 

optimising heat transfer under diverse operating conditions. 

 

Figure 40: Composite curves in the evaporator of LAES. 
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4.5 Discussion 

Further discussion on model results is provided hereafter. In particular, Section 4.5.1 presents and 

assesses a novel regulation strategy proposed thanks to the insights gained from previous results and 

aimed at reducing the impact of off-design operation on LAES performance. Finally, the technical 

impact of off-design conditions on LAES operation is generalised in Section 4.5.2 and Section 4.5.3 

elaborates on the economic implications. 

4.5.1 Proposed regulation strategy 

Part-load operation of LAES induces a significant reduction in the performance of both components 

and the whole system. Temperatures and pressures along the cycle were found to deviate significantly 

in response to power reductions, impacting mostly on the low-pressure turbine stage. This led to 

uneven distribution of the power generated by each stage and additional inefficiencies in the use of 

the available compression heat within the process. A suitable regulation strategy for LAES, directed 

towards the mitigation of the off-design conditions and increased overall plant flexibility, consists of 

controlling air pressure upstream HP, MP and LP turbine stages. Indeed, as pressure ratios decrease 

for off-design (see Figure 38), higher turbine inlet pressures are achieved, which can be reduced to 

rated conditions by throttling with JT valves; this is represented in Figure 41. 

 

Figure 41: Detail of the proposed off-design LAES regulation strategy with JT valves upstream turbines. 

Values of LAES off-design performance assessment under the proposed regulation strategy are 

presented in Table 18, referring to plant operation under Mode 3, i.e. the most demanding mode 

concerning off-design inefficiencies. Thermodynamic states are compared in Figure 42. At 50 MW 

power output, specific work is 12% higher when the regulation is applied. It can also be appreciated 

on the T-s diagram that thermodynamic conditions are closer to those for nominal conditions and that 

the slope of the expansion curves is similar for each turbine stage. This results in LP turbine efficiency 

of 72% instead of 33% (Mode 3 without regulation strategy). On the other hand, the cold recycled 

between discharging and charging slightly diminishes since lower mass flow rates are now required in 

the evaporator, and the evaporation temperature is higher for the higher cycle pressure. Liquid yield 

decreases as a consequence, but without significantly affecting plant performance. Overall, results 

illustrate the capability of this strategy to improve the LAES plant performance when operating at 

partial load. 
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Table 18: LAES performance parameters with and without the regulation strategy. 

Parameter 

Mode 3 - without 
regulation Mode 3 - with regulation 

Value Value ∆ 

Specific work output [kJ/kgliq] 301.1 336 12% 

Specific liquefaction work [kJ/kgliq] 972 1019 5% 

Specific cold recycle [kJ/kgliq] 353 355 1% 

Specific hot recycle [kJ/kgliq] 354 386 9% 

Cold recycle temperature (point 3C) [K] 92.8 93 0% 

Cold recycle flow rate (point 3C) [kg/s] 141 126.5 -10% 

Liquid yield [%] 78% 74% -4% 

 

 

Figure 42: Temperature-entropy diagram for LAES discharging process, with and without the regulation strategy. 

Exergy analysis 

Exergy analysis was used to further characterise the thermodynamic deviations introduced by 

implementing the proposed off-design regulation strategy. Figure 43 shows the component-wise 

breakdown of irreversibility, exergy efficiency and specific irreversibility. Results show throttling valves 

introduce additional losses. However, their effect on turbine off-design conditions brings an overall 

beneficial effect to the LAES process. Exergy destruction in the turbine stages is reduced by 22% in MP 

turbine and more than 50% in the LP turbine due to inlet pressures being closer to design. Less air mass 

flow rate is now needed to produce the same amount of power. With the introduction of throttling 

valves, pressure and temperature deviations from nominal conditions are now negligible. As a result, 

with the proposed regulation the main reason for off-design is the departure of the mass flow rate 

from its nominal value. Furthermore, power generation, as well as exergy destruction, is more evenly 

distributed across the components. Overall, total exergy destruction associated with the expansion 

process diminishes while the components work with higher thermodynamic efficiency. 
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Figure 43: Component-level exergy analysis during Mode 3, with and without the proposed regulation strategy. 

At system scale, the exergy performance is also improved by the proposed regulation strategy, as 

illustrated in Figure 44. Overall, exergy efficiency of discharging process increases from 54% to 60%, 

which means that additional throttling irreversibility due to the valves is offset by the improvement in 

performance induced in the other components. Exit losses are reduced by 4 MW since higher 

expansion ratios allow the air to approach ambient pressure when expanded through the turbines. 

The lower temperatures achieved after expansion also mean a larger amount of heat from the hot 

recycle can be used, limiting the heat wasted by the LAES system and ensuring better exploitation of 

the available energy streams within the process. In parallel, exergy destruction through heat exchange 

is decreased. This is due to two reasons: the superheating circuit working closely to design conditions 

and the better matching of the temperature profiles in the evaporator, where having higher pressure 

mitigates the change in variation of thermo-physical properties of air. 

 

Figure 44: Exergy analysis for LAES discharging process under Mode 3, with and without the proposed regulation strategy. 

4.5.2 Technical implications of LAES off-design operation 

The presented results confirm that any time power is committed to reserve services, part-load 

conditions arise naturally during LAES operation, owing to the availability requirements imposed by 

market contracts. Therefore, it is crucial to account for the effect of off-design inefficiencies during 

realistic LAES operation, and generalise results over a broader range of reserve power commitment 

levels. 
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From Section 4.1, one could conclude 휂𝑅𝑇 decreases from 48% to 44% in Mode 2 and 31% in Mode 3. 

However, this is only true instantaneously, i.e. at a specific instant of time during LAES operation. The 

portion of liquid air capacity devoted to STOR and FR and the associated power output is in a way 

reserved, as it would eventually be used upon a call from the grid operator. Hence, it should be 

accounted to evaluate 휂𝑅𝑇. Figure 45 elaborates around this concept by looking at the actual liquid air 

usage for different percentages of committed power to reserve, for 1 h of sustained reserve (70-80% 

of STOR calls are within this value [163]). The effect of regulation from Section 4.5.1 is also evaluated. 

 

Figure 45: Liquid air utilisation for different levels of reserve service commitment, with and without the proposed regulation strategy. 

In a multi-mode operation, the stored liquid air is partially used for arbitrage and partially for reserve. 

LAES consumes a higher amount of liquid air to generate a fixed power output at off-design conditions 

due to component-level inefficiencies. The extent of such loss is reported in Figure 45. On the other 

hand, when reserve is requested in real-time, the rated power output is established, and LAES power 

output is restored to the design value. In this context, a steady value for LAES roundtrip efficiency is 

clearly a first-level approximation. To account for real plant operation, an actual value of roundtrip 

efficiency should be defined and computed alongside the specification of the duty cycle of the LAES 

plant. This shows that a performance indicator like roundtrip efficiency is tightly linked to and depends 

on the actual plant operating profile, and it may differ from cycle to cycle. Based on the assumption of 

1 h call to the reserve service, comparison between instantaneous and actual roundtrip efficiency is 

presented in Table 19. However, it is worth pointing out that the actual roundtrip efficiency would be 

ultimately defined once the real-time LAES dispatching profile is known. 

Table 19: Comparison between LAES roundtrip efficiencies under 1-hour assumed reserve call duration. 

Operation Instantaneous 𝜼𝑹𝑻 Actual 𝜼𝑹𝑻 – without regulation Actual 𝜼𝑹𝑻 – with regulation 

Mode 1 48% 48% 48% 
Mode 2 44% 44% 45% 
Mode 3 31% 34% 37% 

 

Even if the values are ultimately dependent on the call characteristics for reserve service, which may 

be different between STOR and FR, off-design conditions were shown to be impactful on LAES realistic 

operational modes. The effect of ignoring these conditions could be two-fold: on the one hand, it could 

lead to a misevaluation of LAES economic and technical value; on the other hand, scheduled 

commitment and dispatch profiles could result to be unfeasible a posteriori due to variations in the 

discharging hours effectively sustained [234]. This restricts the applicability of traditional steady 
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analyses commonly presented in the literature to the vicinity of design conditions or for comparison 

purposes between different concepts. However, the more LAES operation embraces a portfolio of 

balancing services, the more the study and the methodology presented in this work allow accurate 

predictions. 

LAES characteristic maps 

To characterise LAES off-design performance under a wide spectrum of operating conditions, 

characteristic maps were also derived from the numerical model for a variety of LAES power output 

and reheating temperatures. This latter parameter becomes particularly relevant in cases of LAES 

integration with co-located heat sources or external heat streams, where the reheating temperature 

can vary significantly from its rated value. Figure 46 shows the result for LAES specific work output, 

where values were normalised with respect to rated conditions in order to be widely applicable. 

 

Figure 46: LAES characteristic operating maps. Contours and 1-D slices for selected values of reheating T. 

The presented LAES characteristic maps offer an extremely valuable and compact tool which describes 

system operation over a variety of working conditions. By considering off-design conditions on LAES 

operation, a maximum for specific work (and thus plant efficiency) arises, which is almost insensitive 

to the reheating temperature. The position of the maximum work output in Figure 46 is determined 

by the trade-off between higher turbine expansion ratios and decreased efficiency, for higher plant 

power output. Some up-regulation above the rated power output appears to be possible, with the 

benefit of higher storage flexibility and efficiency. This may partially counterbalance the performance 

detriment observed for down-regulation, but feasibility is potentially limited by component 

technological constraints and lifetime. Finally, deviations in reheating temperature are more 

pronounced than power output variations on LAES performance. Particularly in cases of LAES 

integration with external heat sources, it is possible to compensate for the lower efficiencies for off-

design conditions by acting on the reheating temperature. 

4.5.3 Economic implications of LAES off-design operation 

To conclude, the economic evaluation of LAES yearly operation according to the proposed operating 

modes was performed. This allowed gauging the impact of off-design performance variation also from 

a financial point of view, thus complementing the technical results discussed in the previous sections 

and leading to a comprehensive, far-reaching assessment. 
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Results shown in Figure 47 and Figure 48 demonstrate significant variations in the economic outcomes 

caused by the rigorous estimation of LAES performance. In essence, the higher the power committed 

to reserve services, the larger the deviation from ideal (i.e. design-point) behaviour due to off-design 

operation. Estimated economic variations are significant (around 20% in Mode 2 and 30-35% in Mode 

3), which, on the one hand, highlight the relevance of the investigated mechanisms and, on the other 

hand, leave room for economic gains if off-design performance is improved. The proposed regulation 

strategy is efficient in this regard, boosting overall revenues by 3% and 9% in Mode 2 and Mode 3, 

respectively. Inefficiencies affect plant performance under arbitrage and the instantaneous 휂𝑅𝑇 

becomes 44% in Mode 2 (44.5% with regulation) and it plummets to 31% (34% with regulation) for 

Mode 3; hence, arbitrage revenues decrease. On the contrary, the financial value of reserve services 

is less affected by storage efficiency as part of the remuneration comes from availability alone. In such 

a context, being capable of correctly predicting LAES performance becomes paramount for achieving 

the best compromise between competing revenue streams and defining the optimal capacity to be 

allocated to different services. 

 

Figure 47: Results of the economic assessment of LAES operation and sensitivity analysis on the charging time. 

It is worth pointing out that, although the above analysis is limited to the considerations of selected 

duty cycles, off-design operation takes place any time LAES generates power during a reserve 

availability window. Given such windows are designed to ensure backup generation mostly in periods 

of high power demand, it is likely they will coincide with high electricity prices – when it is advisable to 

operate LAES. Hence, it can be inferred results are also well representative of a number of situations 

other than the specific duty cycles adopted here. Anyhow, price variability overtime and physical 

restrictions on LAES tank capacity are additional constraints which could make some of the predicted 

revenues from arbitrage not accessible. We explored these situations by performing two sensitivity 

analyses. Firstly, we decreased the number of charging hours (equivalent here to a reduced amount of 

arbitrage cycles) and secondly, we observed the impact of variations in energy sell prices. Results for 

total revenues are superimposed to the bars of Figure 47 and Figure 48. 
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Figure 48: Results of the economic assessment of LAES operation and sensitivity analysis on electricity price. 

As expected, arbitrage revenues decrease with a reduced number of cycles. However, the overall 

impact is influenced by two factors: share of arbitrage on the overall profit and roundtrip efficiency 

휂𝑅𝑇. Indeed, higher sensitivity to variations in the number of cycles is observed for the cases with a 

higher share of arbitrage over the total profit; secondly, smaller variations in revenues are associated 

with modes exhibiting lower values of 휂𝑅𝑇 during arbitrage (since each charge-discharge cycle is less 

profitable in the first place). The described effects of a higher share of arbitrage and plant roundtrip 

efficiency concur in leading to percentage variations in revenues which are 22% for Mode 1, 9% for 

Mode 2 and only 1% for Mode 3, when the charging time is reduced to 7 h. Similarly, for variations in 

the electricity selling price, changes in yearly revenues are bigger, the higher the electricity purchase 

price. This makes Mode 1 the most sensitive to price oscillations, while Mode 2 and Mode 3, where 

revenues from the reserve markets are not subject to variations, are progressively more stable. Multi-

service operation can indeed be regarded as a robust option for reducing the dependence on the 

number of cycles and price volatility, by diversifying over a portfolio of revenue streams. 

 

Results also corroborate the economic viability of operating storage over multiple energy and reserve 

services [140,162]. However, the relative financial value of different modes changes and performance 

during off-design conditions makes the trade-off between competing revenue streams less 

straightforward. For example, Mode 2 is more profitable than Mode 1 in the ideal (i.e. design-point) 

case, whereas this happens if only 5 hours of charging are accessible in the real case. Thus, being able 

to capture these dependencies is key in avoiding misevaluations of LAES economic values with 

subsequent lack of revenues. 
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4.6 Conclusion and outlook 

Results presented in this chapter address the thermodynamic and economic performance of LAES 

operating under realistic conditions in the electricity market. Representative duty cycles reflecting the 

operational constraints imposed by reserve service specifications and a numerical model to predict 

variable component and plant performance over a wide range of operating conditions are combined. 

This generates new understanding of the link between the operation of LAES in the electricity market 

and plant performance. Key takeaways from the case study of the UK market can be generalised, 

leading to wide-ranging conclusions on the techno-economic effects of operating LAES under a 

portfolio of energy and reserve services. 

 

At component scale, the effect of off-design conditions is unevenly distributed across LAES components, 

with turbines – especially LP stages – affected the most (isentropic efficiencies more than halve for 

LAES participation to FR). On the contrary, performance and exergy losses in cryogenic pumps and heat 

exchangers are almost unaltered by LAES operating mode, with supercritical air conditions in the 

evaporator causing heat transfer limitations regardless of the specific operating mode. The impact of 

off-design conditions can be mitigated with a suitable regulation strategy which controls the inlet 

pressure to LP and MP turbine stages. 

 

At plant scale, exergy losses increase from 30% to 46% when reserve services are considered alongside 

arbitrage. Higher thermodynamic losses occur primarily within the power recovery unit due to the 

appearance of off-design conditions and consume up to 40% of the stored liquid air, while air 

liquefaction is barely affected. The amount of cold thermal energy recovered from LAES discharge 

process and made available during discharge is marginally affected by LAES operating mode, with 

variations within 6% of the nominal conditions. Throttling losses caused by the proposed regulation 

strategy are justified by the ultimate benefit brought to overall plant performance, both from an 

energy and exergy standpoint. 

 

Crucially, results show the roundtrip efficiency of LAES depends on the actual duty cycle performed by 

the plant. A constant plant roundtrip efficiency – common in the literature [140,204] – may serve 

comparative purposes. Still, it does not reflect the link between operation and performance for LAES 

and, potentially, not even for other TMES technologies relying on turbomachinery. Considering off-

design behaviour of the power recovery unit is crucial for accurate economic assessments, too. Not 

only LAES profits are affected, but also the relative financial value of the different operating modes is 

revised. In essence, the higher the power committed to reserve services, the larger the deviation from 

design-point behaviour due to off-design operation. The significant economic variations registered 

(around 20% in Mode 2 and 30-35% in Mode 3), on the one hand, highlight the relevance of the 

investigated mechanisms and, on the other hand, leave room for economic gains if off-design 

performance is improved. 

4.6.1 Chapter relevance within this thesis 

The results from this chapter address the research objective O1 by enriching the understanding of LAES 

performance and limitations under multi-service operation and over a wide range of power outputs. 
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Both aspects are highly relevant in a context where LAES is expected to provide a diversified operation 

with reserve and energy-balancing services. Contributions to the existing body of the literature are: 

 

• Off-design modelling of a liquid air energy storage plant 

• Description of the link between the service provided and the technical plant performance 

• Proposal and assessment of a regulation strategy aimed at limiting the extent of off-design 

conditions along LAES process 

• Economic assessment of the impact of off-design operation on plant profitability in the UK 

electricity market. 

 

The following result chapters further build on the highlighted relevance of accurate thermodynamic 

modelling of LAES and TMES. In particular, Chapter 5 proposes a framework to include LAES off-design 

response in the evaluation of LAES optimal scheduling and plant design for multi-service operation 

within the power system. Given off-design effects can change the relative financial value of the 

different operating modes (see Section 4.5.3), strategies to allocate power to reserve service are also 

discussed. Similar to the present chapter, a bottom-up analysis including performance and technical 

limitations of the major plant components is presented in Chapter 6 to study multi-energy provision 

from LAES. On the other hand, steady-state assessment of TMES plant performance at rated conditions 

is appropriate for comparative purposes and is adopted in Chapter 7.
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CHAPTER 5 
 

Multi-service operation of liquid air energy 
storage in the power system 

The analysis presented in this results chapter builds on the findings from Chapter 4 and uses LAES real-

life performance predictions to explore pathways for LAES value maximisation in the power system. 

LAES simultaneous participation in energy balancing and reserve services can be profitable but 

introduces additional operational constraints affecting storage performance. Therefore, an MILP tool 

is developed in this chapter, which suitably includes LAES thermodynamic characteristics and balancing 

service constraints to optimise plant scheduling. It is used to simulate 1-year LAES operation for energy 

and reserve service provision and estimate its value over different service portfolios and storage 

designs. Results demonstrate that: i) the inclusion of LAES thermodynamic characteristics ensures 

feasible plant dispatch and avoids loss of revenues, especially for multi-service operation; ii) the 

independent sizing of LAES charge and discharge power is key for tailoring the plant to the specific 

operating mode; and iii) storage capacities above 2-3 h do not significantly increase LAES profitability 

under the market conditions considered. As multi-service LAES provision is financially advantageous but 

deteriorates storage roundtrip efficiency, a techno-economic trade-off should be sought. Results in this 

chapter can inform such decisions in terms of plant design, dispatch profile and portfolio of services to 

provide, thus addressing the thesis objective to identify pathways for LAES value maximisation as part 

of the power system. The presented modelling framework is suitable for extension to other TMES 

technologies to establish strategies supporting their future deployment. 
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5.1 Introduction 

As emerged from the literature review in Chapter 2, a limited number of operational studies is available 

where LAES provides a portfolio of energy balancing and reserve services. In addition, these few works 

treat the energy storage according to the battery-like model (see Section 2.5.2), assuming a constant 

roundtrip efficiency, which refers to the operation at rated conditions. However, results from Chapter 

4 have shown that LAES performance and operational setpoint may shift significantly, especially when 

a diversified operation strategy over energy and reserve services is chosen. Therefore, to overcome 

the current limitations and better understand the value and contribution of LAES to grid stability, 

storage thermodynamic characteristics should be included in the analysis of LAES integration in the 

power system through a suitable model. 

 

This results chapter addresses the lack of a coherent modelling framework simultaneously including 

LAES thermodynamics, provision of a portfolio of services and optimal plant dispatch. The interaction 

of all these drivers is also captured in the MILP optimisation tool developed, which relies on the model 

reduction techniques presented in Chapter 3 to include LAES thermodynamic characteristics in the 

analysis. The case study analysed considers energy and reserve services supply in the UK electricity 

market. The discussion covers: i) the interaction between service requirements (e.g. minimum 

committed capacity) and thermodynamic performance of LAES; ii) the inclusion and prioritization of 

multiple services; and iii) the selection of LAES plant size when providing a portfolio of services. 

 

In this chapter, the relevant background and assumptions are laid out in Section 5.2. Section 5.3 

presents the essential aspects and formulation for the MILP model developed. Section 5.4 and Section 

5.5 outline and discuss the results, focussing on the relevance of including storage thermodynamic 

characteristics in the analysis, the guidelines for LAES sizing and the power allocation to a portfolio of 

energy balancing and reserve services. Section 5.6 concludes the chapter with the main takeaways. 

5.2 Background and assumptions 

5.2.1 Overview of the proposed modelling framework 

A unique modelling framework has been proposed for this piece of work, driven by the need to 

consider multiple aspects of LAES operation as part of the grid (multi-service specifications, plant 

performance variability, sizing etc.) in a coherent manner. As a consequence, LAES thermodynamics, 

reserve services specifications and optimal storage dispatching are the building blocks for the 

developed methodology; they are brought together into a LAES-centric optimal dispatch problem 

based on MILP. 

 

The MILP problem formulation is central to the proposed approach, as shown in Figure 49, and used 

to optimise the yearly LAES dispatch. Specific constraints associated with provision of reserve services 

and the variability of the electricity prices were included. The dynamic thermodynamic performance 

of LAES and plant size specification were captured through performance maps and a suitable piecewise 
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formulation. Finally, the model was run according to specific case studies proposed to answer the 

research questions in Figure 49. More information on the model formulation is provided in Section 5.3. 

 

Figure 49: Mind map of the adopted modelling framework. 

5.2.2 LAES thermodynamics 

Detailed thermodynamic analysis of standalone LAES plant performance is discussed in Chapter 4. In 

particular, due to external constraints limiting the delivered power or the intrinsic dynamic behaviour 

of some components (e.g. packed bed cold storage), off-design conditions arise along the LAES process. 

Turbine isentropic efficiency and expansion ratios vary accordingly. So, if a generation level is defined 

as the delivered power output relative to its rated value, the specific LAES work output per unit liquid 

air and the liquid air consumption will vary according to the generation level, as Figure 50 shows. 

 

Figure 50: LAES thermodynamic characteristics in the power recovery unit, as a function of plant generation level. 

In an ideal case, LAES should produce a constant specific work output, regardless of its operating 

setpoint, so that the mass flow rate of liquid air linearly changes with the generation level. On the 

contrary, the graphs show a performance detriment in the specific work output at part-load. Turbine 

efficiencies and expansion ratios both decay, leading to poor LAES performance. Therefore, the air 

mass flow rate consumption varies with the generation level in a nonlinear fashion. A suitable 

regulation strategy was proposed to limit inefficiencies for part-load operation (i.e. generation level 
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below 100%) in Section 4.5.1. From Figure 50, it is clear that, even with that regulation strategy, the 

impact of off-design conditions can be partially mitigated but not avoided. To account for this inherent 

link between LAES generation level and its technical performance, a higher liquid air expenditure when 

running at part-load must be considered as a major thermodynamic constraint to LAES operation. 

5.2.3 Reserve services considered and revenue schemes 

As explained in Section 2.4.1, different reserve services assist the energy system operator over 

different instances of grid balancing. The same service selection of Chapter 4 (STOR and FR provision, 

alongside arbitrage, in the UK market) was considered for consistency and in line with LAES size and 

ramp-up capability. Both STOR and FR require providers to be available to deliver the contracted 

capacity in the agreed availability windows. Representative values for the season 2016/2017 were used 

in the present analysis [163] for STOR, while for FR, tendered windows were 6:00 to 23:00 during 

weekdays and 7:00 to 23:00 at weekends [289]. Other technical requirements to be met by STOR and 

FR providers, as well as the respective availability, positional and utilisation fee remuneration is 

reported in Table 20. 

 

It is worth stressing that, at the time of this analysis, the simultaneous provision of reserve services 

within the same tendered availability window is not allowed in the UK electricity market [165,166]. 

However, this option would not pose any issue from the technical point of view, provided the 

cumulative power level committed remains within the feasible generation level for the plant, and 

sufficient energy is stored to provide the services. Therefore, the concurrent provision of STOR and FR 

is also contemplated here to inform of the associated potential economic benefits. 

Table 20: Technical specifications and revenue schemes for STOR and FR services in the UK market [163,289]. 

 STOR FR 

Technical 
specifications 

• Minimum commitment: 3 MW 

• Response time*: < 240 min 

• Sustained period: > 2 hours 

• Delivery capability: > 3 times a week 

• Minimum commitment: 25 MW 

• Response time: < 2 min 

• Sustained period: > 15 min 

• Ramp-up rate: > 25 MW/min 

Revenue 
scheme 

• Availability fee [£/MW/h]: 3.30-6.10 

• Positional fee [£/h]: n.a. 

• Utilisation fee [£/MWh]: 147-155 

• Availability fee [£/h]: 175-380 

• Positional fee [£/h]: 0-320 

• Utilisation fee [£/MWh]: 100-115 

* National Grid also adds that “response times within 20 minutes are preferable”, and indeed technical requirements have 

been modified so STOR providers must now be able to respond to an instruction within a maximum of 20 min. 

5.3 MILP model formulation 

The MILP model optimises LAES dispatch profile over the selected energy balancing and reserve 

services, subject to technical constraints form LAES and dictated by the operation within the system. 

Optimisation decision variables are denoted in bold fonts in the following and are presented in Table 

21. They track the time evolution of LAES state (charging, discharging, state of charge) and interaction 

with the grid (power input and output). In compliance with the common practice for gas liquefaction 
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processes discussed in Section 2.3.1, LAES was here assumed to always charge at rated power input. 

Therefore, the binary variable 𝒙𝒕
𝒄𝒉𝒓 was sufficient to fully characterise the power input to the plant. 

Table 21: Optimisation variables of the MILP optimisation problem. 

Symbol Definition Type Units 

�̇�𝒕
𝒅𝒔𝒄 Discharge power output Continuous [MW] 

𝒙𝒕
𝒅𝒔𝒄 Discharge status Binary [-] 

𝒙𝒕
𝒄𝒉𝒓 Charge status Binary [-] 

𝑳𝑨𝑰𝒕 Liquid air inventory in the tank Continuous [ton] 

𝑳𝑨𝑬𝒕 Liquid air expenditure Continuous [ton/h] 

𝒙𝒏,𝒕
𝑷𝑾 Piecewise interval identifier Binary [-] 

𝝎𝒏,𝒕 Auxiliary variable Continuous [-] 

 

Additional parameters were necessary to characterise grid constraints (e.g. electricity price signal, 

typical reserve call duration, probability, etc.) and storage constraints (e.g. rated conversion 

efficiencies or minimum level for the LAES power output). They are gathered in Table 22. Further 

parameters completing the formulation of the optimisation are discussed throughout the section. 

Table 22: Input parameters to the MILP optimisation problem. 

Symbol Definition Value Units Reference 

𝜋𝑡
𝑒𝑙 Wholesale electricity price (year 2017) Time-varying [£/MWh] [293] 

𝜋𝑆𝑇𝑂𝑅
𝑎𝑣𝑎  STOR availability fee 4.25 [£/MW/h] [163] 

𝜋𝑆𝑇𝑂𝑅
𝑢𝑡𝑖𝑙  STOR utilisation fee 150 [£/MWh] [163] 

𝜋𝑆𝑇𝑂𝑅
𝑝𝑜𝑠

 STOR positional fee 0 [£/h] [163] 

𝜅𝑆𝑇𝑂𝑅 STOR call probability 2.9 [%] [163] 

𝜏𝑆𝑇𝑂𝑅 Nominal STOR call duration 1.5 [h] [163] 

𝜋𝐹𝑅
𝑎𝑣𝑎 FR availability fee 210 [£/h] [289] 

𝜋𝐹𝑅
𝑢𝑡𝑖𝑙 FR utilisation fee 100 [£/MWh] [289] 

𝜋𝐹𝑅
𝑝𝑜𝑠

 FR positional fee 90 [£/h] [289] 

𝜅𝐹𝑅 FR call probability 5 [%] [289] 

𝜏𝐹𝑅 Nominal FR call duration 0.5 [h] [289] 

𝑤0
𝑐ℎ𝑟 Rated liquefier conversion efficiency 0.219* [MWh/ton] Model 

𝑤0
𝑑𝑠𝑐 Rated PRU conversion efficiency 0.131* [MWh/ton] Model 

�̇�𝑚𝑖𝑛
𝑑𝑠𝑐  Minimum power output from PRU 0.4�̇�𝑀𝐴𝑋

𝑑𝑠𝑐  [MW] Model 

�̇�𝑀𝐴𝑋
𝑑𝑠𝑐  Maximum power output from PRU Multiple [MW] See Section 0 

�̇�𝑀𝐴𝑋
𝑐ℎ𝑟  Maximum power input to liquefaction Multiple [MW] See Section 0 

𝐿𝐴𝐼𝑀𝐴𝑋 Maximum storage capacity Multiple [ton] See Section 0 
* These values are consistent with a rated roundtrip efficiency of 60% for LAES [140,179]. 

 

Objective function 

The optimal LAES dispatch profile maximises the coordinated provision of energy balancing and 

reserve services described in Section 5.2.3. The objective function comprises four contributions: 1) 

revenue from arbitrage, driven by variations in price signal 𝜋𝑡
𝑒𝑙 with hourly granularity; 2) availability 
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revenue from reserve 𝑖; 3) utilisation revenue from reserve 𝑖; and 4) positional revenue from reserve 

𝑖. 

 

 
𝑀𝑎𝑥  ∑[(�̇�𝒕

𝒅𝒔𝒄 − �̇�𝑀𝐴𝑋
𝑐ℎ𝑟 𝒙𝒕

𝒄𝒉𝒓)𝜋𝑡
𝑒𝑙

⏟              
1

𝑇

𝑡=1

+∑(𝑅𝐶𝑡,𝑖𝜋𝑖
𝑎𝑣𝑎

⏟      
2

+ 𝜅𝑖𝑅𝐶𝑡,𝑖𝜋𝑖
𝑢𝑡𝑖𝑙

⏟      
3

+ 𝜅𝑖𝑥𝑡,𝑖
𝑅𝐶𝜋𝑖

𝑝𝑜𝑠
⏟      

4

)

𝐼

𝑖=1

]

∙ ∆𝑡 

5.1 

 

Earnings from reserve market participation were evaluated using the parameters 𝑅𝐶𝑡,𝑖  and 𝑥𝑡,𝑖
𝑅𝐶. 𝑅𝐶𝑡,𝑖 

elements equal the committed power level to reserve service 𝑖 within its respective window, while are 

null elsewhere; analogous concept was used for the binary 𝑥𝑡,𝑖
𝐴𝐶. The inherently stochastic nature of 

reserve services was accounted in Equation 5.1 by the term 𝜅𝑖, which weights the revenue from a 

reserve call. 𝜅𝑖  represents a call probability as the ratio between the average yearly period when 

reserve is delivered and the total duration of the availability window. 

LAES thermodynamic characteristics 

Chapter 4 demonstrated that the conversion efficiency of the PRU, 𝑤𝑑𝑠𝑐, cannot be approximated by 

a fixed parameter, and should be treated as an optimisation variable (i.e. 𝒘𝒕
𝒅𝒔𝒄=  𝑓(�̇�𝒕

𝒅𝒔𝒄)). This 

dependency was presented in Figure 50 and is nonlinear, thus requiring an ad-hoc mathematical 

treatment to maintain the linearity of the optimisation. 

 

The value �̇�𝒕
𝒅𝒔𝒄/𝒘𝒕

𝒅𝒔𝒄 represents the instantaneous liquid air expenditure in each specific timestep. 

This term was substituted by the variable 𝑳𝑨𝑬𝒕 = �̇�𝒕
𝒅𝒔𝒄/𝒘𝒕

𝒅𝒔𝒄, which captures in a unique variable the 

inherent connection between power output and conversion efficiency and allows linearisation. 

Characteristic curves extracted from the thermodynamic model were used to express this nonlinear 

dependence and, as illustrated in Figure 51, a piecewise linear approximation was used to retain 

linearity [284]. 

 

Figure 51: Characteristic liquid air expenditure for LAES, as a function on the generation level and its piecewise approximation. LAE 

figures have been normalised to the value referring to rated conditions. 
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The 1-D linearisation technique described in Section 3.4.3 was used. The feasible region of the 

generation level was subdivided into 𝑁 − 1 contiguous intervals and 𝑁 − 1 binary variables 𝚽𝒏,𝒕 were 

defined accordingly, each one mapping to one of the six piecewise intervals used for the problem 

specification, as illustrated in Figure 51. During LAES discharge at any given time, the amount of liquid 

air expenditure is constrained within at most one single interval: 

 

 
∑𝒙𝒏,𝒕

𝑷𝑾

𝑁−1

𝑛=1

≤ 𝒙𝒕
𝒅𝒔𝒄 5.2 

 

By knowing the values of liquid air expenditure 𝑌  and generation level 𝑋  at the extremes of the 

relevant interval along the characteristic curve, a unique operating point for each timestep was finally 

determined as a linear combination of these values, through the definition of the auxiliary set of 

variables 𝝎𝒏,𝒕: 

 

 

{

𝝎𝒏,𝒕 ≤ 𝒙𝒏−𝟏,𝒕
𝑷𝑾 + 𝒙𝒏,𝒕

𝑷𝑾

𝝎𝟏,𝒕 ≤ 𝒙𝟏,𝒕
𝑷𝑾

𝝎𝑵,𝒕 ≤ 𝒙𝑵−𝟏,𝒕
𝑷𝑾

 5.3 

 

 
∑𝝎𝒏,𝒕

𝑁

𝑛=1

= 1 5.4 

 

 
𝑳𝑨𝑬𝒕 ≥ ∑𝝎𝒏,𝒕𝑌𝑛

𝑁

𝑛=1

 5.5 

 

 
�̇�𝒕
𝒅𝒔𝒄 ≤ ∑𝝎𝒏,𝒕𝑋𝑛

𝑁

𝑛=1

 5.6 

 

For 𝑳𝑨𝑬𝒕 and �̇�𝒕
𝒅𝒔𝒄 to lie on the thermodynamic characteristic curve, equations 5.5 and 5.6 would 

need to satisfy their associated equality constraints. However, the objective function was formulated 

in such a way that the optimisation would drive these constraints to be binding and thus they were 

relaxed to inequalities to assist with the solution convergence. 

LAES dispatch constraints 

Constraints considering the technical as well as the electrical side of LAES operation are listed in the 

equations below. Limitations associated with LAES power and capacity, mass (and thus energy) stored 

within the liquid air tank and storage cyclability over a periodic horizon of one week were specified as 

follows: 

 

 𝒙𝒕
𝒅𝒔𝒄�̇�𝑚𝑖𝑛

𝑑𝑠𝑐 ≤ �̇�𝒕
𝒅𝒔𝒄 ≤ 𝒙𝒕

𝒅𝒔𝒄�̇�𝑀𝐴𝑋
𝑑𝑠𝑐  5.7 
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𝑳𝑨𝑰𝒕 = 𝑳𝑨𝑰𝒕−𝟏 + [

𝒙𝒕−𝟏
𝒄𝒉𝒓�̇�𝑚𝑖𝑛

𝑐ℎ𝑟

𝑤0
𝑐ℎ𝑟 − 𝑳𝑨𝑬𝒕−𝟏] ∙ ∆𝑡 5.8 

 

 0 ≤ 𝑳𝑨𝑰𝒕 ≤ 𝐿𝐴𝐼𝑀𝐴𝑋 5.9 
 

 𝐿𝐴𝐼0 = 𝐿𝐴𝐼0+168𝑎 = 0.5𝐿𝐴𝐼𝑀𝐴𝑋 5.10 
 

where 𝑎 is an integer number, denoting each individual week. The choice of a weekly margin allows to 

benefit from longer planning horizons (for example exploiting price differentials between weekdays 

and weekends) yet gives confidence in the accuracy of the hourly electricity price profile supplied to 

the model and thus on the estimated revenues. Above one week, point (i.e. hourly) price predictions 

ahead are typically substituted by price distributions over future periods [294]. 

 

Model consistency against a real-time reserve call was ensured following a robust optimisation 

approach [217]. Thus, additional constraints were used to enforce the restrictions introduced by 

participation in the different reserve services. First, a cap on the LAES power output was imposed when 

inside the availability window (Equation 5.11) to enable a power turn-up in case of a reserve call. 

Second, a minimum level in the liquid air tank was enforced (see Equation 5.12), which is needed to 

fulfil service provision, should this be requested by the grid operator. These two constraints ensured 

the predicted dispatch profile for LAES could accommodate a real-time reserve call at any time. 

 

 
�̇�𝒕
𝒅𝒔𝒄 +∑𝑅𝐶𝑡,𝑖

𝐼

𝑖=1

≤ �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  5.11 

 

 
0 ≤  𝑳𝑨𝑰𝒕 − 𝑳𝑨𝑬𝒕 −

∑ 𝑅𝐶𝑡,𝑖
𝐼
𝑖=1 𝜏𝑖

𝑤0
𝑑𝑠𝑐 ∆𝑡 ≤ 𝐿𝐴𝐼𝑀𝐴𝑋 5.12 

 

Since cryogenic air liquefaction should be operated at its rated conditions [180], LAES charging was 

restricted to be operated outside of the reserve windows, excluding the possibility of a reserve call 

which would enforce a power modulation while charging: 

 

 𝒙𝒕
𝒄𝒉𝒓 + 𝑥𝑡

𝑅𝐶 ≤ 1 5.13 
 

Here, 𝑥𝑡
𝐴𝐶  is a binary parameter which assumes the unit value when at least one of the 𝑅𝐶𝑡,𝑖  is non-

zero, indicating a reserve availability window. 

5.3.2 Performance indicators 

To quantify the technical performance of LAES, plant roundtrip efficiency 휂𝑅𝑇 was computed according 

to the definition given in Section 2.2, considering the entire operating horizon of LAES. Given the 

optimal dispatch timeseries: 
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휂𝑅𝑇 =

∑ �̇�𝒕
𝒅𝒔𝒄Δ𝑡𝑡

∑ �̇�𝑀𝐴𝑋
𝑐ℎ𝑟 𝒙𝒕

𝒄𝒉𝒓Δ𝑡𝑡

 5.14 

 

Additionally, a part-load coefficient, 𝜉 was computed every time LAES power output is nonzero (i.e. 

LAES is discharging) and used to characterise the link between plant scheduling and its roundtrip 

efficiency. 𝜉  is defined as the ratio between the instantaneous power output of the LAES and its 

maximum discharge capability: 

 

 
𝜉 =

�̇�𝒕
𝒅𝒔𝒄

�̇�𝑀𝐴𝑋
𝑑𝑠𝑐

                       ∀ 𝑡 ∶ 𝒙𝒕
𝒅𝒔𝒄 ≠ 0 5.15 

 

Finally, a static payback time (PBT) was chosen as the economic metric in this study. It is defined as the 

ratio between plant investment cost (𝐶𝐴𝑃𝐸𝑋) and the yearly revenues from storage operation (𝑅𝑒𝑣): 

 

 
𝑃𝐵𝑇 =

𝐶𝐴𝑃𝐸𝑋

𝑅𝑒𝑣
 5.16 

 

In Equation 5.16, 𝐶𝐴𝑃𝐸𝑋 represents the capital expenditure for LAES plant construction, and 𝑅𝑒𝑣 is 

the yearly revenue from LAES participation in energy and reserve markets, i.e. the value of the MILP 

objective function. The cost contribution of each of the three LAES sub-systems: power recovery unit 

𝐾𝑑𝑠𝑐, liquefaction 𝐾𝑐ℎ𝑟 and storage tanks 𝐾𝑐𝑎𝑝 were independently considered in the estimation of 

𝐶𝐴𝑃𝐸𝑋: 

 

 𝐶𝐴𝑃𝐸𝑋 = 𝐾𝑑𝑠𝑐 + 𝐾𝑐ℎ𝑟 + 𝐾𝑐𝑎𝑝 5.17 
 

Individual cost functions are gathered in Table 23; they are based on the supply chain quotes indicated 

by Highview Power Ltd for a 10 MW plant [295] and scaled up with a 0.6 exponent and a learning rate 

assuming 17.5% cost reduction for a double number of units [97]. Cost units are 2012 k$. The 

conversion to 2017 k£ was performed by adopting a proportionality factor of 1.47, which accounts for 

the average $-£ exchange rate in 2012 [296] and UK inflation between 2012 and 2017, from the Office 

of National Statistics [297]. The accuracy of the costing approach was tested by comparing its 

predictions with results available in the literature for a variety of LAES plants [139,140,179], showing 

a satisfactory agreement within ±6%. 

Table 23: Selected cost function for independent LAES subsystems. Values are based on quotations by manufacturers. 

LAES subsystem Cost function Description of variable 𝒙 

Power recovery unit 
𝐾𝑑𝑠𝑐 = 5653 (

𝑥

10
)
0.6

 
LADS rated power output, MW 

Air liquefaction 
𝐾𝑐ℎ𝑟 = 11406(

𝑥

4
)
0.6

 
LAES rated power input, MW 

Storage 
𝐾𝑐𝑎𝑝 = 1778(

𝑥

86
)
0.6

 
LAES energy storage capacity, MWh 
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5.3.3 Case studies and model runs 

The model described in Section 5.3 was compiled in MATLAB and solved by Gurobi 8.1.1 [267], with a 

0.5% relative gap as stop criterion for the iterations. Different model runs were conceived to address 

specific studies with the inclusion of thermodynamic constraints within the MILP optimisation, and in 

particular: 

 

• Optimal LAES scheduling: how the technical performance of LAES – and consequently its 

optimal dispatch profile – varies when considering plant thermodynamic limitations 

• Optimal LAES sizing: how plant sizing may affect LAES performance and economic value and 

what design guidelines can be followed depending on the services to be supplied 

• LAES multi-mode operation: how providing a portfolio of balancing services to the grid impacts 

LAES technical performance and the final economic value for the plant 

 

Figure 52 summarizes the set of model runs performed in this work, and presents the specific aspects 

considered and the strategy adopted for each run. Each run will consider a number of case studies, 

referring individually to a given set of storage services, from Case 0 – only arbitrage – to Case 3 – 

complete portfolio of services. The cases are detailed in Table 24, where values are expressed as a 

percentage of the rated power �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  to allow generalisation throughout model runs where LAES size 

is one of the aspects to be investigated. The design parameters for each of the runs are summarised 

below. 

 

Figure 52: Overview of the model runs performed, with associated case studies and strategy. 

Table 24: Summary of the considered case studies. Values of committed power are expressed as percentages of the rated power output. 

Case Study Arbitrage STOR Fast Reserve 

Case 0 ✓ 100%     

Case 1 ✓ 90% ✓ 10%   

Case 2 ✓ 75%   ✓ 25% 

Case 3 ✓ 65% ✓ 10% ✓ 25% 
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Optimal LAES scheduling 

A reference plant of 200 MW power output, 100 MW input and 3 h of rated discharge capacity (600 

MWh) was considered for these runs. Outcomes from the full MILP model integrating the LAES 

thermodynamic characteristics (real approach) were compared with those obtained if a fixed 

conversion efficiency was considered (ideal approach). Results from one-week operation according to 

arbitrage and STOR (Case 1) are discussed in Section 5.4.1. 

 

Optimal LAES sizing 

For this analysis, a range of LAES sizing options was explored for each of the four cases of Table 24. The 

design parameters were identified as plant power output �̇�𝑀𝐴𝑋
𝑑𝑠𝑐 , power input �̇�𝑀𝐴𝑋

𝑐ℎ𝑟  and capacity 

𝐾𝑀𝐴𝑋. The effect from each of them was then assessed by independently varying one parameter at a 

time within the design space defined in Table 25, and running the model for 1-year operation; results 

are presented in Section 5.4.2. 

Table 25: Selected design space for the LAES plant. 

Design parameter Symbol Range Increment step 

PRU power output �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  100 MW - 300 MW 50 MW 

Liquefaction power input �̇�𝑀𝐴𝑋
𝑐ℎ𝑟  0.1�̇�𝑀𝐴𝑋

𝑑𝑠𝑐  - �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  0.1�̇�𝑀𝐴𝑋

𝑑𝑠𝑐  

Storage tank capacity 𝐿𝐴𝐼𝑀𝐴𝑋 2 h - 10 h 1 h 

 

LAES multi-mode operation 

Based on the outcomes from the sizing study, a LAES plant of 200 MW output, 40 MW input (20%  

�̇�𝑀𝐴𝑋
𝑑𝑠𝑐 ) and 3 hours discharge capacity was chosen as a versatile solution to serve the four cases of 

Table 24. In Section 5.4.3, techno-economic results from the model are assessed for such a plant over 

a one-year operation. 

5.4 Results 

In discussing the results of the present chapter, it is worth defining the nomenclature adopted. In 

particular, ideal, corrected and real cases identify the following set of results: 

• Ideal: it refers to results obtained using a constant LAES roundtrip efficiency for optimal 

dispatch scheduling, which is the first-order assumption widely adopted in the literature 

[179,181,191] 

• Corrected: it refers to results obtained accounting for the variations of LAES conversion 

efficiency (by including plant thermodynamic characteristics), but using the ideal dispatch 

schedule 

• Real: it refers to results obtained accounting for the variations of LAES conversion efficiency 

(by including plant thermodynamic characteristics) for optimal dispatch scheduling. 
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5.4.1 Optimal LAES scheduling 

The optimal weekly dispatch for LAES, when operating according to Case 1 (arbitrage + STOR) is 

presented here to highlight the key variations originating from the inclusion of thermodynamic 

constraints within the optimisation framework. Figure 53 refers to the ideal case, while results in Figure 

55 account for the thermodynamic characteristics (real case). The shaded area represents the weekly 

reserve availability windows. 

 

Figure 53: One-week LAES dispatch when providing arbitrage and STOR. Constant conversion efficiency case. 

In both cases, LAES is charged preferentially during periods of low electricity price, while discharged at 

peak times. When discharging, 100% power output is preferred, but within the reserve windows, only 

a portion of LAES power output can be devoted to arbitrage. In the likely event of availability windows 

coinciding with the highest electricity prices, part-load discharging is imposed on the LAES due to the 

constraints associated with reserve provision. Additionally, a minimum LAES state of charge (SoC) must 

be guaranteed within the reserve windows to ensure service deliverability, further limiting the 

possibility of rated discharge. 

 

As the scheduling in Figure 53 is ideal, reduced performance at off-design conditions is not accounted 

for, which could lead to an optimistic and unfeasible dispatch profile. To verify this, a corrected solution 

was computed, and results are presented as a dashed line in the bottom plot of Figure 54 (Corrected 

– Unfeasible). Clearly, the ideal scheduling is not feasible, as the LAES SoC would drop below 0 multiple 

times. This is because, during part-load operation, off-design conditions reduce the specific work 

output from the PRU (see the top plot of Figure 54); therefore, more air than expected is necessary for 

sustaining the given power output, leading to a sharper decrease in LAES SoC. 
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Figure 54: Corrected LAES dispatch by a posteriori accounting for thermodynamic characteristics. 

The major consequence of not accounting for thermodynamic characteristics within the optimisation 

is a dispatch profile which is not feasible, a posteriori. By sustaining LAES power output for a shorter 

period, the model constraints can still be satisfied, and the scheduling fulfilled by LAES (resulting in the 

Corrected – Feasible area in Figure 54, for LAES SoC). However, this means 3 out of the total 17 power 

generation instances cannot be fully sustained for the entire 1-h timestep. This causes loss of revenues, 

potentially incurring penalty payments and, more importantly, reduced contribution of LAES to grid 

stability. Also, LAES roundtrip efficiency would be 54.7% in this case: a 10% reduction from the nominal 

value 60%. 

 

Figure 55: One-week LAES dispatch profile when providing arbitrage and STOR. Variable conversion efficiency case. 

When thermodynamic characteristics are accounted in the MILP framework (Figure 55), the optimal 

scheduling would require shorter LAES discharge periods but higher power output. The optimisation 

seeks to discharge preferentially at nominal condition, as can be inferred by the comparison of the 
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average �̇�𝒕
𝒅𝒔𝒄 values presented in Table 26. Discharging hours decrease from 17 to 13, but this allows 

the LAES to run at full power output during the highest electricity price peaks. The variations of LAES 

SoC suggest that the plant is providing inter-day arbitrage, capitalising on the largest energy price 

differentials. This highlights the importance of modelling large-scale storage over extended periods 

[181], in contrast with the typical patterns for technologies such as batteries [183]. The computed 

roundtrip efficiency for the real case is 58.64%, which is higher than the value referring to the feasible 

corrected dispatch. This demonstrates truly optimal scheduling can be achieved only by including the 

thermodynamic characteristics of LAES within the optimisation, as opposed to the re-elaboration of an 

ideal, unfeasible scheduling profile. Detailed discussion is provided section 5.5.1. 

Table 26: Scheduling and performance metrics for the ideal and real weekly dispatch optimisation. 

Metrics 
Model run 

Ideal Real 

Discharging hours [h] 17 13 

Average sell price [£/MWh] 67.36 67.5 

Average power output [MW] 155.2 189.9 

Energy output [MWh] 2639 2468 

Charging hours [h] 44 42 

Average buy price [£/MWh] 30.39 30.2 

Energy input [MWh] 4400 4200 

LAES roundtrip efficiency, 휂𝑅𝑇 [%] 60 58.6 

Number of equivalent cycles [-] 4.4 4.11 

 

5.4.2 Optimal LAES sizing 

In the following, we refer to optimal sizing as the process of choosing storage design based on the 

outcomes from the sensitivity-type analysis carried out on the rating of each LAES sub-system: 

liquefaction, PRU and tank capacity. This approach is meant to shed light on the complex relationship 

between system design, portfolio of services to be provided and techno-economic performance, as 

opposed to identifying a unique, optimised LAES size as the outcome of a formal optimisation. 

 

Figure 56 captures the effect of each independent design parameter on LAES payback time, as a 

function of the considered operating strategy. On the left-hand axes, PBT values are plotted; they have 

been normalised to the PBT of the reference 200 MW, 100 MW input and 600 MWh LAES, which lies 

sufficiently in the middle of the design space. On the right-hand axes, the sensitivity of PBT to the 

relevant design parameter is reported as 𝜕𝑃𝐵𝑇/𝜕𝑋, where 𝑋 is the design parameter. Each row in 

Figure 56 captures the individual effect of one of the design parameters. From the top row downwards: 

PRU power output, liquefaction power input and storage capacity. 
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Figure 56: Independent impact of LAES design parameters on its profitability for different operating modes. Row 1: PRU power output; 

row 2: liquefaction power input; row 3: storage tank capacity. 

Minimum PBT is determined by the ratio between the CAPEX associated with the selected design and 

the cash inflows from LAES operation. This latter value is determined by the specific dispatch profile 

for the plant – which clearly depends on the operating mode – as well as the revenue scheme. 

 

When dealing with power sizing, larger PRU generally leads to better economic results (see row 1 of 

Figure 56). This is expected for cases heavily relying on arbitrage (Case 0 and Case 1), since costs 

increase with exponent 0.6, while arbitrage revenues are proportional to the PRU size, �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  (doubling 

�̇�𝑀𝐴𝑋
𝑑𝑠𝑐  yields a double revenue). The behaviour is different when the share of reserve revenues is high 

(Case 2 and Case 3). At small PRU values (below 150 MW), the constant availability fee represents the 

main source of income, in such a way that the increase in revenues for larger PRU is not enough to 

offset the increase in CAPEX. For PRU above 150 MW, the increase in revenue is mainly driven by the 

utilisation fee, outpacing the CAPEX increase. 

 

Considering liquefaction size (second row in Figure 56), an optimum value minimising PBT is found for 

Case 0 when the liquefier rating is 30% of the PRU. Because of the high share of CAPEX associated with 

the liquefier (in the range of 60-70%) this is the most important parameter to minimise. However, this 

optimum value is relevant for arbitrage alone. When reserve is added, it provides additional revenues, 

which are little influenced by the liquefier rating, �̇�𝑀𝐴𝑋
𝑐ℎ𝑟 . Therefore, the optimum is displaced 

progressively towards smaller values of �̇�𝑀𝐴𝑋
𝑐ℎ𝑟 , and eventually below the lower limit considered for the 

current analysis. 
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Looking at capacity sizing (i.e. choosing the optimal energy storage capacity for given values of charging 

and discharging rated power), Figure 56 demonstrates how the storage tank size, 𝐿𝐴𝐼𝑀𝐴𝑋, is in general 

the least sensitive factor. This is no surprise since the share associated with the tank is marginal with 

respect to plant costs, at less than 10% of the total CAPEX. Apart from relatively small storage 

capacities (2 h of rated discharge or less), the predicted PBT displays only minor improvements for 

each additional hour of storage, with negligible influence of the operating mode. 

 

In general, outcomes show that the optimal decision on LAES sizing for minimising the investment 

payback time should ultimately be tailored to the specific operating mode, especially concerning the 

choice of the rated power input and output. However, for the assessment of LAES multi-mode 

operation, a single plant design is desirable. A 200 MW LAES featuring 40 MW liquefaction (20% �̇�𝑀𝐴𝑋
𝑑𝑠𝑐 ) 

and 3 hours of storage capacity was thus identified as a versatile solution yielding close-to-optimal PBT 

value for all the case studies. Further elaboration around sizing aspects is part of the Discussion section, 

where LAES size is also related to scheduling and thermodynamic performance metrics. 

5.4.3 LAES multi-mode operation 

The techno-economic results obtained from the MILP model for the individuated 200 MW LAES plant 

are presented here. Figure 57 shows the existing correlation between LAES operating mode and its 

technical performance, as captured by roundtrip efficiency 휂𝑅𝑇 and the power indicator 𝜉. 

 

Figure 57: Link between operating mode and LAES plant technical performance. 

It demonstrates that the value of roundtrip efficiency over the whole year can change significantly 

(variation of up to 17% of nominal efficiency – from 60% to about 50% 휂𝑅𝑇 ) when committing 

generation capacity to reserve services. While for Case 0 (arbitrage alone), LAES is mostly run around 

the rated generation level (𝜉 ≈ 1), the larger the commitment to reserve, the larger the deviation from 

the rated power output, with associated off-design losses. Also, the values of the power indicator 𝜉 

become more distributed, meaning higher variability of LAES generation levels. 

 

The more services LAES provides, the more likely it is to operate at off-design conditions. This results 

in lower conversion efficiency and reduced power exchange between LAES and the grid. However, 



99 

 

LAES can benefit from more favourable differentials between average buy and sell prices and, on top 

of this, additional revenue from reserve services. The financial viability of multi-mode operation is 

confirmed in Figure 58, which shows a breakdown of the yearly revenues for the reference plant as a 

function of the operating mode and of the modelling approach. It demonstrates that committing 

power to reserve is economically justified by higher earnings, despite poorer plant efficiency. Multi-

mode cases are found to be significantly more profitable than arbitrage alone, in agreement with what 

was highlighted in [298]. 

 

Figure 58: Yearly revenues for LAES as a function of the modelling approach for the four selected operating modes. 

When multi-mode operation is based on arbitrage and STOR (Case 1), the former accounts for the 

majority of revenue; this agrees with the findings in [140]. In Case 2 and 3, on the contrary, earnings 

from FR provide the most significant source of income. The share of revenue provided by arbitrage 

decreases progressively: from 62% in Case 1 to 17% in Case 2 and down to only 11% in Case 3. This is 

due to the availability of additional revenue streams as well as to the lower conversion efficiency of 

LAES when committing power to reserve, as shown previously in Figure 57. 

5.5 Discussion 

Results presented so far confirm the unique capability of the developed model to provide an optimal 

dispatch profile, leading to more accurate estimations of LAES techno-economic value than traditional 

models based on constant efficiency. In this section, further discussion is given on the interdependence 

between LAES scheduling, size and operation, captured thanks to the proposed modelling framework. 
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5.5.1 The financial impact of accurate thermodynamic modelling 

Based on the values in Figure 58, Table 27 compares the revenue from the ideal, constant efficiency 

model with revenues from both the a posteriori correction and the realistic MILP model. One can see 

that the correction of the ideal scheduling profile yields a significant reduction in revenues. This is due 

to an infeasible profile which forces the storage to discharge for shorter timespans in order to comply 

with the constraints. Being able to capture LAES behaviour within the optimisation ensures the 

computation of a truly optimal and feasible scheduling profile. This is crucial and improves the average 

LAES profitability over one-year operation. However, it is also interesting to observe how the inclusion 

of LAES thermodynamic characteristics may also result in lower profitability, instantaneously. Indeed, 

as the LAES dispatch is optimised over the selected optimisation horizon, situations arise where it is 

best not to operate LAES (i.e. incurring a revenue loss) to enable operation at a higher thermodynamic 

performance at a different time and, on average, across the whole year. This behaviour can be 

observed by comparing Figure 53 (ideal) and Figure 55 (real) between hours 40 and 50 and its 

discussion is of clear interest to LAES operators. 

Table 27: Predicted variation of LAES economic value with respect to the constant conversion efficiency case. 

 Lost revenue - Corrected Lost revenue - Real 

 [k£/MWh] [%] [k£/MWh] [%] 

Case 0 1.12 17% 0.11 2% 

Case 1 1.67 18% 0.95 10% 

Case 2 2.94 16% 1.84 10% 

Case 3 3.67 17% 2.36 11% 

 

Revenues from the realistic model display an average 2% reduction over one year from the ideal case 

for arbitrage alone (Case 0); this value increases up to 11% for Case 3 (complete portfolio of services). 

This suggests accurate modelling of LAES is necessary for multi-mode operation, in agreement with the 

conclusions drawn for a compressed air energy storage plant in [234]. The more services LAES provides, 

the more revenue is lost for the corrected case due to frequent off-design discharge (see Section 5.4.3). 

Misevaluation of storage performance in these conditions would lead to a major impact on LAES 

financial viability. 

5.5.2 Design guidelines for LAES 

A key technological benefit of LAES is the possibility to design a plant in such a way that rated power 

for charge and discharge processes can be selected independently [100,140,179]. This feature of LAES 

is especially relevant for enabling a tailored design for specific operating strategies, as described in 

Section 5.4.2. 

 

LAES economic performance, as measured by the payback time, is most sensitive to LAES power sizing 

(in terms of both liquefaction input and PRU output) when operating for arbitrage alone, which shows 

the need for case-dependent design choices driven by the local fluctuation of electricity prices. When 

increasing the participation in reserve services, the dependency of PBT on power sizing progressively 

reduces. A larger portion of the revenues can be accessed via service commitment rather than energy 

dispatch, with the latter being primarily affected by LAES size. The final choice of �̇�𝑀𝐴𝑋
𝑑𝑠𝑐  and �̇�𝑀𝐴𝑋

𝑐ℎ𝑟  in 
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these cases is likely to be driven by the technical limitations associated with the integration of LAES 

with the grid and its infrastructure (e.g. network constraints), rather than storage-centric 

considerations. 

 

When considering storage capacity 𝐿𝐴𝐼𝑀𝐴𝑋, limited PBT improvement is predicted for LAES capacities 

above 2-3 h of rated discharge. This contradicts the typical guidelines for TMES, deriving from a purely 

economic assessment of the low costs per unit kWh of this storage class [20,97]. However, different 

conclusions arise when technical considerations and storage dispatch are considered. Reserve services 

involve power delivery for relatively short periods and are unaffected by capacity specifications. 

Hence, every extra hour of added capacity yields progressively lower improvement of plant 

profitability if LAES power rating is not increased accordingly. As an example, Figure 59 shows how 

around 15% of tank capacity is not used for Case 1, when tank size is 6 h, as opposed to Figure 55, 

where tank size is 3 h and is fully utilised. LAES capacity reduction has also the added benefit of 

containing the land area required by the installation, which is greatly dependent on dimensions for 

liquid air and cold storage tanks [127]. 

 

Figure 59: One-week LAES dispatch when providing arbitrage and STOR. 6 hours tank capacity. 

Tank capacity affects LAES thermodynamic performance by constraining its power output setpoint: 

Table 28 shows how larger tanks correspond to better roundtrip efficiency. Due to the increased LAES 

capacity, it becomes less likely that the constraints involving a minimum SoC are binding. This in turn 

reduces the likelihood of LAES part-load discharging due to capacity constraints, and it is reflected by 

the average values of the power indicator 𝜉 being closer to the ideal value 1. Together with higher 

LAES thermodynamic efficiency, the total number of charging and discharging instances over the year 

increases, creating a compounding effect that leads to higher total revenues. However, once a critical 

amount of storage is established, additional capacity has very little effect economically, except to 

match the associated increase in CAPEX. The critical amount to be ensured is 4-5 h if operating 

arbitrage alone, while only 2-3 h is sufficient for simultaneous reserve provision. 
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Table 28: Scheduling and performance metrics for LAES, as a function of the storage capacity. 

Case 𝑳𝑨𝑰𝑴𝑨𝑿 
Discharging 

hours 
Off-design 

hours 
Power 

indicator, �̅� 
Charging 

hours 
LAES roundtrip 
efficiency, 𝜼𝑹𝑻 

 [h] [h] [h] [-] [h] [%] 

0 

2 532 150 0.99 1774 59.4 

6 676 76 1.00 2238 60.0 

10 686 60 1.00 2258 60.0 

1 

2 448 404 0.89 1396 57.1 

6 592 536 0.91 1848 58.2 

10 620 556 0.91 1924 58.6 

2 

2 334 324 0.76 952 53.1 

6 380 366 0.76 1068 54.0 

10 382 366 0.76 1062 54.7 

3 

2 266 258 0.68 716 50.8 

6 306 296 0.68 814 51.3 

10 308 292 0.68 808 52.1 

 

5.5.3 Effect of reserve market participation 

Focus is now given to the role reserve commitment plays in defining the financial viability of LAES. 

Figure 60 shows plant roundtrip efficiency as a function of the committed power to STOR and FR. The 

same amount of capacity annexed for FR has a higher impact on performance than STOR. This is 

explained through the larger availability window associated with FR, which limits the LAES to part-load 

discharge over longer periods. The power indicator 𝜉 varies from 0.78 to 0.71 if 30% is devoted to STOR 

or FR, respectively. 

 

Figure 60: LAES roundtrip efficiency for different levels of power commitment to STOR and FR. 

Additionally, the larger the power commitment, the greater the difference between the two 

considered reserve services. This is because more power is needed to ensure reserve deliverability and 

LAES is restricted to discharge at lower output for longer periods. Services requiring larger availability 

windows are further penalised (e.g. FR more than STOR), because price peaks are now more likely to 

coincide with availability windows. A reduced roundtrip efficiency limits the accessible profit from 
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arbitrage, and a techno-economic trade-off must be achieved to maximise revenues. Figure 61 

illustrates the economic impact of different choices in reserve power commitment. 

 

Figure 61: Yearly revenues for different levels of power commitment to reserve: STOR (left) and FR (right). 

Higher revenues from increased reserve market participation are obtained, despite worse technical 

performance for LAES. Therefore, the most profitable approach could be to allocate more power to 

reserve services and possibility solely provide reserve services. PBT drops from 33 to 23 years when 

30% of the rated output is committed to STOR, rather than 10%. For FR, figures change from 18 to 14 

years when committing 40% instead of 20%. However, LAES scheduling would now be mostly subject 

to real-time calls from the grid operator, making it challenging to achieve meaningful predictions for 

the dispatch profile. 

 

The possibility of supplying reserve alongside arbitrage drastically changes the dispatch pattern of 

LAES. Additional constraints to storage operation are introduced, resulting in times of competition 

between energy and reserve services. This is more significant for higher power commitment but 

enables the storage operator to benefit from higher profits. At lower commitment levels, revenues 

from FR are significantly higher than those from STOR, while the difference decreases as the 

commitment levels increase. In this case, bidding in different reserve markets could be particularly 

suitable. Ultimately, diversifying over a portfolio of revenue streams is necessary to decrease the risks 

associated with the variable profitability of reserve services over the markets and the seasons. 

Therefore, a balanced power commitment should be sought. 

5.6 Conclusion and outlook 

Following the description of LAES performance variations during plant operation in Chapter 4, results 

from this chapter explore the flexible use of LAES over a portfolio of energy balancing and reserve 

services. In so doing, a novel methodology to include LAES thermodynamic characteristics from 

Chapter 4 into an MILP optimisation is presented along with the associated merit compared to battery-

like storage models with constant roundtrip efficiency. Study outcomes produce new understanding 

resulting from the accurate prediction of LAES dispatch profile, whilst shedding light on two critical 

aspects for LAES financial viability: plant sizing and power allocation to different reserve services. Key 

takeaways can be summarised as follows. 
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Results demonstrate how considering storage thermodynamic characteristics is necessary for feasible 

scheduling: failing to do so results in missed storage participation in grid balancing and lower revenues. 

Indeed, thermodynamic limitations alter LAES optimal dispatch schedule, with the plant being run over 

fewer cycles at higher power output, thus closer to rated conditions, regardless of the operating mode. 

On the contrary, guidelines for optimal plant sizing depend on the operating mode and the revenues 

that can be accrued, hence on the electricity price profile and reserve service remuneration schemes. 

For arbitrage only, liquefier sized at 30% of the PRU rating seem to provide the best solution. For multi-

mode operation, the ideal plant features a large PRU, a small liquefier (10% of the PRU, or less), and 

capacity equivalent to 2-3 h of rated discharge duration. 

 

Multi-service operation negatively impacts LAES thermodynamic performance, with roundtrip 

efficiency variations up to 10 points for the cases explored; reserve services involving longer availability 

windows cause larger performance detriment. However, LAES thermodynamic performance is 

economically more than offset by larger revenues in multi-service cases with simultaneous arbitrage, 

STOR and/or FR provision, resulting in below 20 years payback time. This points clearly towards the 

future provision of a portfolio of reserve and energy balancing services from LAES, rather than 

traditional arbitrage-only operation. Hence, LAES flexibility and performance improvement under off-

design conditions are essential future avenues to boost plant profitability. In addition, the higher the 

power committed to reserve services, the more capturing the variations of storage conversion 

efficiency helps avoid unfeasible scheduling and missed revenues (up to about 2 k£/MW per year). 

Compared to traditional storage models with constant roundtrip efficiency, the proposed LAES model 

reduction through piecewise linear characteristic curves limits such lost revenues by between 37 and 

90%. 

5.6.1 Chapter relevance within this thesis 

The results from this chapter address the research objective O2 by also informing on how to tailor 

plant design to different operational scenarios and should be used for proper LAES dispatch planning 

in power systems. Such rigorous assessment is essential to best operate LAES and TMES in the energy 

market, thus maximising the techno-economic benefits. The following contributions are added to the 

existing literature: 

• Multi-market modelling framework which captures the link between operating setpoint and 

plant performance through LAES thermodynamic characteristics 

• Demonstration of how variations in LAES thermodynamic performance affect the provision of 

energy balancing and reserve services 

• Quantification of lost revenues from traditional LAES modelling approaches 

• Description of how the provision of multiple balancing services impacts the techno-economic 

viability and optimal design of LAES. 

 

After characterisation of the technically feasible operation and value of standalone LAES in the power 

system, Chapter 6 explores a potential LAES integration in the broader energy system with multi-

energy provision under an analogous workflow, including technical limitations in the dispatch 
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algorithm. Then, Chapter 7 addresses LDS applications of TMES, complementing the analysis of reserve 

services with energy balancing services over longer timescales.
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CHAPTER 6 
 

Multi-energy provision from liquid air energy 
storage 

Following the assessment of LAES real-life operation and value within the power system in Chapter 4 

and Chapter 5, this third results chapter proposes a new perspective for LAES operation by exploring its 

potential as a multi-energy asset. In this context, compression heat and evaporation cold generated by 

LAES process are used to supply heat and cold, alongside electricity, externally to a neighbouring 

district, rather than for internal hot and cold recycle. The techno-economic value and limitations of this 

novel operating paradigm are compared to traditional electricity storage application. A reduced 

thermodynamic model of LAES is presented, validated and used to: i) quantify the thermodynamic 

efficiency of a multi-energy LAES, generalising its output capability over the three energy vectors 

considered; ii) link different plant integration conditions with the associated multi-energy LAES 

performance; and iii) describe multi-energy LAES operation as part of two district sizes, for provision of 

peaks and baseload. Results show that by leveraging vector-coupling capability, LAES energy efficiency 

rises from 47% to 72.8%, with an associated reduction up to 8–12% in district operating costs for the 

considered case studies. By demonstrating the technical feasibility of multi-energy LAES operation with 

the associated trade-offs, the thesis objective to techno-economically assess the opportunities and 

limitations for multi-energy provision from LAES is addressed. Outcomes suggest TMES solutions with 

embedded TES can play a greater role in decarbonisation than what speculations considering purely 

electrical applications so far predicted. 
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6.1 Introduction 

As largely discussed, LAES system comprises two (one hot and one cold) or more TES, which store the 

hot and cold thermal streams produced during plant operation. Chapter 2 shows most works have 

either looked at the internal use of such thermal streams or the hybridisation with external processes 

(ORC, Kalina cycles) to boost electricity output and roundtrip efficiency. However, the stored heat and 

cold could in principle be delivered externally, alongside electricity, and, crucially, with no additional 

components. Such a strategy represents a paradigm shift from the traditional operation of LAES in the 

power system, which Chapter 4 and Chapter 5 assessed. Districts characterised by simultaneous 

electricity, heating and cooling needs represent a relevant integration setting, in this case, to shed light 

on the opportunities and limitations of multi-energy provision from LAES. 

 

This results chapter characterises the operation of LAES as a multi-energy provider and explores the 

expected benefits from district integration compared to the use as electrical storage only. In line with 

the central role of accurate technical modelling emerged in Chapter 4, thermodynamic constraints are 

included to study component and process interaction over variable power output setpoints and 

different temperatures for the heat and cold energy to be delivered. Such a model highlights the 

potential and limitations of multi-energy provision from LAES. The integration with districts of different 

sizes is then evaluated through a dispatch algorithm that considers the time profile of users’ load and 

LAES operation for peak shaving or load following. 

 

The chapter is organised as follows: study background and assumptions are presented in Section 6.2. 

The numerical model of multi-energy LAES developed is described and validated in Section 6.3, 

alongside the approach used for the district integration studies. Then, model results are presented in 

Section 6.4, with discussion on the multi-energy capability of LAES and the techno-economic benefits 

from district integration reported in Section 6.5. Conclusions and outlook are reported in Section 6.6. 

6.2 Background and assumptions 

6.2.1 Overview of multi-energy liquid air energy storage 

The concept proposed in the present result chapter is denoted as multi-energy LAES (M-LAES), and 

represents a unique solution that can independently supply electricity, heating and cooling output. 

The plant layout is no different from the conventional standalone LAES (such as that investigated in 

Chapter 4). However, M-LAES uses the flexibility provided by the hot and cold TES to decouple in time 

the generation and external use of the individual energy vectors (electricity, heat and cold). So, it 

effectively embodies a novel operation paradigm for LAES, which, contrary to the multi-vector plants 

investigated in [137] or [138], does not require any plant components to be added. For this reason, the 

key aspect to examine besides the thermodynamics of M-LAES operation is plant integration with a 

model district energy system. For this, district scales ranging from 10s to 100s MW peak power demand 

were considered, which represent a well-established target for LAES in the literature [22]. 
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Figure 62 illustrates the district integration layout considered for M-LAES, as inspired by the proposed 

integrations of LAES and other TMES with local industrial parks [299] and energy communities [199]. 

LAES is charged from the grid at night – when surplus baseload generation is likely available due to a 

lower overnight electricity demand [300] – and, similarly to [191], directly supplies electricity to the 

district. On the thermal side, a district heating network (DHN) and a district cooling network (DCN) 

were considered in this case to couple M-LAES generation with the aggregated thermal load from the 

users. However, as distribution networks were not explicitly modelled, this layout is equally suitable 

to represent cases where single localised thermal users (e.g. industrial or commercial facilities [301]), 

instead on full networks, are supplied by M-LAES. Clearly, local generation or other means of 

procurement are necessary besides LAES, to fully cover district load. However, these assets were not 

included, as the present analysis focuses on M-LAES operation and comparison with the traditional 

LAES use as electricity storage only (and not with alternative storage and multi-energy solutions). 

 

Figure 62: Multi-energy LAES (M-LAES) operated in a district energy system setting. 

6.2.2 Liquid air energy storage multi-energy operation strategy 

Given the focus is LAES multi-energy operation, no reserve services were considered in this chapter. 

Rather, two energy balancing services were explored, namely peak shaving and load shifting, which 

are relevant to both electricity and thermal supply. As we shall see in Section 6.4.1, interlinks and 

technical limitations associated with multi-energy provision from LAES mean the power and thermal 

output depend on one another in a nonlinear fashion. So, to understand the link between LAES 

operation and its techno-economic value across different scenarios in the energy system integration 

study, a heuristic dispatch algorithm was preferred here to nonlinear optimisation. 

 

Scheduling and prioritisation are two central concepts such heuristic algorithm uses to determine the 

multi-energy plant dispatch based on the aggregated district load signals. 

 

• Scheduling: identifies the process of selecting the times in the day when M-LAES is charging or 

discharging, whereby discharge scheduling is driven by the operation chosen: 
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o Peaker: to cover high-demand periods, LAES provides a constant output anytime 

district load (electrical or thermal) is more than 20% above its mean value 

o Load-following: to shift loads over time, LAES provides a variable output proportional 

to the difference between the instantaneous load and its mean anytime district load 

(electrical or thermal) is above its mean value. 

 

• Prioritisation: identifies the process of selecting M-LAES scheduling and output setpoint to 

privilege either electric or heating output, according to: 

o Electrical prioritisation: LAES output scheduling is based on the electric signal. Should 

heating be needed at the same time, this is also provided; LAES setpoint maximises 

electricity delivery 

o Thermal prioritisation: LAES output scheduling is based on the thermal signal. Should 

electricity be needed at the same time, this is also provided; LAES setpoint maximises 

heating delivery 

o No prioritisation: LAES output scheduling delivers electricity and heating every time 

these are required, even if not at the same time. LAES setpoint maximises joint energy 

dispatch. 

 

The joint effect of scheduling and prioritisation ultimately defines M-LAES operation strategy and 

dispatch, as visualised in Figure 63. More details on M-LAES dispatch profile and the operation strategy 

considered in the district integration assessment are given in Section 6.3.3 

 

Figure 63: Definition of multi-energy LAES dispatch based on the selected operating strategy (scheduling and prioritisation). 

6.3 Numerical modelling of M-LAES and district integration 

6.3.1 Technical modelling of M-LAES 

A numerical model was built to simulate plant operation by detailed modelling of the central process 

units for M-LAES, i.e. units where the conversion between electricity and heat takes place. These are 

the multistage compression and expansion processes and the transcritical heat exchangers, which 

have all been highlighted by dashed boxes in Figure 64. As far as the remaining components are 
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concerned, 0-dimensional energy, mass and momentum conservation equations were specified and 

complemented by component characteristic equations, making use of isentropic efficiency for 

turbomachinery and effectiveness for the heat exchangers (see Section 3.2.1). The following 

subsections detail the modelling of key process units. 

 

Figure 64: Process flow representation of LAES used for mathematical model set up. 

Multistage intercooled compression 

Each intercooled compression stage was modelled according to the representation in Figure 65, where 

the same compression ratio Π𝐶  was considered for all the 𝑁𝐶  stages. The Π𝐶  value was computed from 

the inlet and outlet pressure values for the whole train, 𝑝𝐶,𝑖𝑛 and 𝑝𝐶,𝑜𝑢𝑡, with pressure losses in the 

intercoolers estimated as a given percentage 𝛽 of the inlet pressure, as in [88]: 

 

 
Π𝐶 =

1

(1 − 𝛽)
(
𝑝𝐶,𝑜𝑢𝑡
𝑝𝐶,𝑖𝑛

)

1/𝑁𝐶

 6.1 

 

Figure 65: Sketch of a generic stage of the intercooled compression train (a) and reheated expansion train (b). 

The power input to each stage was computed from the isentropic efficiency of the compressor, 휂𝑆,𝐶, 

and the given heat exchange effectiveness value 휀 of the intercooler was used to evaluate the exit 

temperature of air and the oil in the hot recycle loop, under the assumption of balanced flows: 

 

 �̇�𝐶,𝑖 = 휂𝑆,𝐶�̇�(ℎ𝑆,𝑜𝑢𝑡,𝑖 − ℎ𝑖𝑛,𝑖) 6.2 
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휀 =

(𝑇𝑜𝑢𝑡,𝑖 − 𝑇𝑖𝑛,𝑖+1)

(𝑇𝑜𝑢𝑡,𝑖 − 𝑇0)
=
(𝑇𝑜𝑖𝑙,𝑖 − 𝑇𝐴𝑚𝑏)

(𝑇𝑜𝑢𝑡,𝑖 − 𝑇0)
 6.3 

 

The term ℎ𝑆,𝑜𝑢𝑡,𝑖 in Equation 6.2 represents air enthalpy at the outlet of the compression stage for an 

isentropic transformation, whose value was estimated from the equation of state developed by the 

NIST and implemented in EES [302]. Finally, the total oil heat capacity rate, �̇�𝑜𝑖𝑙 = ∑ �̇�𝑜𝑖𝑙,𝑖
𝑁𝐶
𝑖=1 , and the 

hot recycle recovered from the compression train, �̇�𝐻𝑅, were evaluated from the energy balance over 

each intercooler. The hot recycle temperature was estimated as a weighted average: 

 

 
𝑇𝐻𝑅 =

∑ �̇�𝑜𝑖𝑙,𝑖
𝑁𝐶
𝑖=1 𝑇𝑜𝑖𝑙,𝑖

∑ �̇�𝑜𝑖𝑙,𝑖
𝑁𝐶
𝑖=1

 6.4 

 

Multistage expansion with reheating 

The approach used for the multistage expansion with reheating is also illustrated in Figure 65. Similarly 

to what has been described for the compression train, the expansion ratio for each stage was 

computed first, correcting for the pressure losses: 

 

 
Π𝑇 = (1 − 𝛽) (

𝑝𝑇,𝑖𝑛
𝑝𝑇,𝑜𝑢𝑡

)

1/𝑁𝑇

 6.5 

 

It was assumed the thermal oil in the hot recycle was split into 𝑁𝑇  equivalent streams – one for each 

reheater – and temperature and enthalpy variations for the two streams across the reheaters were 

computed based on the heat exchanger effectiveness and steady-state energy balance: 

 

 
휀 =

�̇�𝑜𝑖𝑙,𝑖(𝑇𝐻𝑅 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡,𝑖)

�̇�𝑚𝑖𝑛(𝑇𝐻𝑅 − 𝑇𝑖𝑛,𝑖)
 6.6 

 

 
ℎ𝑜𝑢𝑡,𝑖 = ℎ𝑖𝑛,𝑖 +

�̇�𝑖
�̇�
= ℎ𝑖𝑛,𝑖 +

�̇�𝑜𝑖𝑙,𝑖(𝑇𝐻𝑅 − 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡,𝑖)

�̇�
 6.7 

 

�̇�𝑚𝑖𝑛  in Equation 6.6 denotes the lowest flow heat capacity value between hot and cold streams. 

Finally, turbine isentropic efficiency allowed to quantify the power output from each stage based on 

the ideal outlet enthalpy for an isentropic expansion, ℎ𝑆,𝑖𝑛,𝑖+1: 

 

 �̇�𝑇,𝑖 = 휂𝑆,𝑇�̇�(ℎ𝑜𝑢𝑡,𝑖 − ℎ𝑆,𝑖𝑛,𝑖+1) 6.8 

 

The return oil temperature was computed as the mean value for the 𝑁𝑇  oil streams at 𝑇𝑜𝑖𝑙,𝑜𝑢𝑡,𝑖. 

Transcritical heat exchangers 

Although resulting in efficient heat transfer and better LAES performance [109], significant thermal 

property variations in the supercritical range necessitate a specific treatment of the transcritical heat 
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exchangers in the system, namely the cold box and the evaporator. A partitioned approach was 

adopted for these two components, as exemplified in Figure 66, by subdividing the heat exchanger 

into subsequent sections with locally constant fluid properties. As explained in [106], one aggregated 

hot and one cold stream were considered in each section, including the contributions from all the fluids 

in the specific temperature range. Finally, the solution of an energy balance over each partition 

enabled the computation of the heat transferred and the local temperature evolution of each stream, 

thus ensuring the specified value of temperature difference at the pinch point. 

 

Figure 66: Sketch of the partitioned modelling approach for the transcritical heat exchangers. 

Heating and cooling provision 

External LAES provision of heating and cooling to DHN and DCN reduces the amount of heat and cold 

recycled within the LAES process itself. Vice versa, complete recycling of heat and cold with the LAES 

process diminishes the heating and cooling that can externally be provided to the DHN and DCN. So, 

the split parameters 𝜉ℎ and 𝜉𝑐 were defined to accurately track the amount of heat and cold energy 

recycled within the LAES process and that provided to the DHN and DCN. 

 

Considering DHN provision, and knowing the compression heat produced during LAES liquefaction, the 

split parameter 𝜉ℎ was defined as the portion of such heat directly supplied to the DHN and therefore 

not available internally for reheating process to the LAES system: 

 

 
𝜉ℎ =

�̇�𝑜𝑖𝑙,𝐷𝐻𝑁
�̇�𝑜𝑖𝑙,𝑐ℎ𝑟

 6.9 

 

As illustrated in Figure 64, the thermal power delivered to DHN was then quantified by the summation 

of two contributions: (1) that from the recycled oil which directly supplied the DHN; and (2) that from 

the outlet oil exiting the reheating circuit, should its temperature be higher than the return 

temperature for the district heating network, 𝑇𝐷𝐻𝑁,𝑟𝑒𝑡. 

 

 �̇�𝐷𝐻𝑁 = 𝜉ℎ�̇�𝑜𝑖𝑙,𝑐ℎ𝑟𝑐𝑝,𝑜𝑖𝑙(𝑇𝑜𝑖𝑙 − 𝑇𝐷𝐻𝑁)⏟                  
1

+ (1 − 𝜉ℎ)�̇�𝑜𝑖𝑙,𝑐ℎ𝑟𝑐𝑝,𝑜𝑖𝑙(𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 − 𝑇𝐷𝐻𝑁)⏟                        
2

 
6.10 

 

Variations of the parameter 𝜉ℎ  allow modifying the power and thermal output of the LAES plant, 

providing operational flexibility. Similar considerations apply to the parameter 𝜉𝑐, i.e. the portion of 

recycled evaporation cold directly supplied to the DCN. 
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6.3.2 Model validation 

One key feature of the proposed model is its capability to evaluate different plant layouts and 

operating conditions: by adjusting parameters such as charge and discharge pressure or the number 

of compression/expansion stages, a variety of LAES system configurations can be explored. Thus, 

model performance was validated against the four works presented in Table 29, which exhibit different 

plant design and operating conditions. 

Table 29: Key input parameters for model validation. 

Parameter 
Peng 
et al. [101] 

Guizzi 
et al. [98] 

Sciacovelli 
et al. [106] 

She 
et al. [303] 

Turbine isentropic efficiency [-] 0.9 0.85 0.85 0.9 

Compressor isentropic efficiency [-] 0.9 0.85 0.85 0.9 

Cryopump efficiency [-] 0.75 0.7 0.75 0.7 

Cryoturbine efficiency [-] 0.75 0.7 0.7 0.8 

Pinch point temperature difference [K] 3 5 5 2 

Pressure loss coefficient [-] 0.01 0.01 0.01 0 

Expansion train inlet pressure [bar] 78 63 73 120 

Compression train outlet pressure [bar] 135 180 183 90 

Liquid air storage pressure [bar] 1.1 1.02 1.1 1 

Plant roundtrip efficiency [%] 57.7 54.5 48.3 50.3 

 

Figure 67 compares model and literature results for LAES roundtrip efficiency. Three out of four 

validation points fall below 13% deviation from the reference, and all remain within the 20% range. In 

absolute terms, roundtrip efficiency values in the range between 40% and 45% - as predicted by the 

present model - are not uncommon in the literature for LAES, and may be associated with the 

simplifying assumptions adopted here for the liquefaction cycle [119]. Furthermore, the model 

presented in this chapter has the unique capability to evaluate different LAES plant layouts. Thus, its 

ability to achieve close accuracy to that of models specialised for a single LAES layout is remarkable. 

 

Figure 67: Reference versus predicted values of LAES roundtrip efficiency; used for model validation. 

To further inspect the model prediction capability, specific work output and liquefaction work are 

validated in Figure 68. The former is always accurate to a 5% threshold, which is notable; liquefaction 

performance estimations are instead underestimated. Such behaviour can be explained by realising 
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that the selected references consider either spillage and expansion from the cold box or a two-fluids 

cold recycle layout: all solutions that have been proven to increase liquefaction performance. 

Conversely, none of these was considered in the present model to retain generality and allow exploring 

a range of designs and operational choices. Therefore, the developed model can capture the links 

between electrical and thermal provision and, although slightly underestimating LAES electrical 

performance, it is suitable for the current analysis and comparative assessments. 

 

Figure 68: Reference versus predicted values of LAES liquefaction work and specific work output; used for model validation. 

6.3.3 Multi-energy districts and scenarios considered for M-LAES integration 

Two settings were investigated for the integration of LAES, namely a large and a small-scale district, 

both located in a temperate climate zone. As reported in Table 30, the proposed districts are 

characterised by different shares of residential and commercial buildings and different DHN 

temperature levels: 120-80°C for the large and 80-60°C for the small district [304]. Synthetic load 

profiles were generated by superimposing hourly demand values for a reference 200 m2 residential 

dwelling [226] and a 3-stories, 5000 m2 office model developed in EnergyPlus [305]. Year-round energy 

demand was then constructed based on the hourly load pattern for three representative days [306] 

for winter (150 days), summer (125) and midseasons (90), respectively. 

Table 30: Characteristics of large and small district energy systems considered for LAES integration. 

District 𝑻𝑫𝑯𝑵 
Residential 
dwellings 

Offices 
/Commercial 

Peak 
power 

Mean 
power 

Peak 
heating 

Peak 
cooling 

 [°C] [-] [-] [MW] [MW] [MW] [MW] 

Large 120 – 80 4000 1500 390 230 550 60 

Small 80 – 60 7000 100 28 17.8 122 9 

 

Subsequently, a total of 12 scenarios for M-LAES integration studies were defined, as summarised in 

Table 31: they represent the possible combinations of district size and LAES operating strategy. 

Different LAES plant power and capacity ratings were also identified for each scenario, to reflect 

different district sizes. More specifically, the plant capacity was determined to supply 25% of the 

surplus electricity when district load is above its mean value (this corresponds to approximately 10% 

of the daily electrical needs). Given plant roundtrip efficiency and the assumed 8 h of overnight charge 

at rated conditions [142], LAES power input was finally computed. Surplus electricity is ~1200 MWh 

for the large district, meaning 300 MWh of storage capacity and 80 MW power input, whereas sizing 



116 

 

for the small district resulted in 20 MWh capacity and 5 MW input. Hot and cold TES of the LAES were 

sized to store, respectively, the compression heat and evaporation cold generated during one full 

charge/discharge cycle. The input parameters for the LAES model, which characterise the investigated 

plant, are listed in Table 32; they resulted in 47% roundtrip efficiency. 

Table 31: Summary of the explored scenarios for district integration of M-LAES. 

Scenario District size LAES input LAES capacity Scheduling Prioritisation 

1 Large 80 MW 300 MWh Peaker Electrical 

2 Large 80 MW 300 MWh Peaker Thermal 

3 Large 80 MW 300 MWh Peaker No 

4 Large 80 MW 300 MWh Load-following Electrical 

5 Large 80 MW 300 MWh Load-following Thermal 

6 Large 80 MW 300 MWh Load-following No 

7 Small 5 MW 20 MWh Peaker Electrical 

8 Small 5 MW 20 MWh Peaker Thermal 

9 Small 5 MW 20 MWh Peaker No 

10 Small 5 MW 20 MWh Load-following Electrical 

11 Small 5 MW 20 MWh Load-following Thermal 

12 Small 5 MW 20 MWh Load-following No 

 

Table 32: Input parameters characterising the investigated LAES plant for the integration studies. 

Symbol Parameter Value 

𝑇0 Ambient temperature 288.15 K 

𝑝0 Ambient pressure 1.01 bar 

휂𝑆,𝑇 Turbine isentropic efficiency 0.90 

휂𝑆,𝐶  Compressor isentropic efficiency 0.90 

휂𝑃 Cryopump efficiency 0.75 

휂𝑇 Cryoturbine efficiency 0.75 

휀 Heat exchanger efficiency 0.95 

∆𝑇 Pinch point temperature difference 5 K 

𝛽 Pressure loss coefficient 0.01 

𝑝𝑇,𝑖𝑛 Expansion train inlet pressure 70 bar 

𝑝𝐶,𝑜𝑢𝑡 Compression train outlet pressure 170 bar 

𝑁𝐶  Number of compression stages 4 

𝑁𝑇  Number of expansion stages 4 

 

6.3.4 Heuristic dispatch algorithm and performance indicators 

Outcomes from the M-LAES numerical model presented in Section 6.3.1, together with the synthetic 

district loads and M-LAES operation scenario described above, were supplied as input to a heuristic 

dispatch algorithm, which ultimately enabled the assessment of M-LAES district integration. The 

algorithm is illustrated in Figure 69: for each day, hourly power, heating and cooling load profiles for 

the district were passed as input. Then, during charging, the LAES model was used to compute the 
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produced amount of liquid air, hot recycle and available cold recycle to liquefaction, based on the 

power input and the cooling level to be supplied. The hot and cold TES state of charge and the liquid 

air tank level were finally updated with a mass balance to the new conditions after 8 hours of charge. 

LAES discharge was evaluated based on district demand and plant operating strategy, which define 

LAES scheduling and setpoint (see Section 6.2.2). Given the number of discharging hours, the plant 

output level was constrained by the amount of liquid air and compression heat stored during the 

charging process. Then, liquid air and hot recycle consumption, together with cold recycle production 

were evaluated from the LAES model. Again, the hot and cold TES state of charge and the liquid air 

level in the vessel were updated with a mass balance. 

 

Figure 69: Structure of the heuristic dispatch algorithm used to assess LAES integration with multi-vector districts. 

Performance indicators 

Three technical performance indicators were defined in the current study to gauge M-LAES integration 

by addressing each output vector individually technically. These are, respectively, electrical, heating 

and cooling conversion efficiency: 

 

 
휂𝑒𝑙 =

𝑊𝑒𝑙
𝑊𝑐ℎ𝑟

∙ 100 6.11 

 

 
휂ℎ =

𝑄𝐷𝐻𝑁
𝑊𝑐ℎ𝑟

∙ 100 6.12 

 

 
휂𝑐 =

𝑄𝐷𝐶𝑁
𝑊𝑐ℎ𝑟

∙ 100 6.13 

 

In the above formulae, 𝑊𝑒𝑙  represents plant electric output, while 𝑄𝐷𝐻𝑁 and 𝑄𝐷𝐶𝑁 the thermal energy 

delivered to DHN and DCN, respectively; the denominator is the net electricity drawn from the grid 

during charge. From the above values, a first law efficiency was also computed as the ratio between 

the total energy delivered and the energy input: 
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휂𝐼 =

𝑊𝑒𝑙 + 𝑄𝐷𝐻𝑁 + 𝑄𝐷𝐶𝑁
𝑊𝑐ℎ𝑟

∙ 100 = 휂𝑒𝑙 + 휂ℎ + 휂𝑐 6.14 

 

For economic assessment, two different cost-saving (𝐶𝑆) metrics were defined and used as indicators: 

they evaluate the yearly operational savings of supplying the district through M-LAES, compared to 

two benchmark cases where LAES provides only electricity output. In the first, (𝐶𝑆𝑝𝑢𝑟𝑐ℎ), the district 

operator pays a fixed price for heating and cooling to the owner of the thermal generation assets, 

while in the second, (𝐶𝑆𝑔𝑒𝑛), the generation infrastructure is owned by the district operator, who 

locally generates heating and cooling. In both cases, operational costs for M-LAES, 𝐾𝑀−𝐿𝐴𝐸𝑆, include 

the electricity purchase solely from the grid to charge LAES. For the benchmark cases, extra costs are 

associated with the purchase, or local generation, of the heating and cooling amounts otherwise 

provided by M-LAES throughout the year. Cost-saving metrics, 𝐶𝑆𝑝𝑢𝑟𝑐ℎ and 𝐶𝑆𝑔𝑒𝑛, were computed for 

each scenario, according to the definitions reported below: 

 

 
𝐶𝑆𝑝𝑢𝑟𝑐ℎ =

𝐾𝐿𝐴𝐸𝑆+𝑝𝑢𝑟𝑐ℎ − 𝐾𝑀−𝐿𝐴𝐸𝑆
𝐾𝐿𝐴𝐸𝑆+𝑝𝑢𝑟𝑐ℎ

= 1 −
𝜋𝑏𝑢𝑦
𝑒𝑙 𝑊𝑐ℎ𝑟

𝜋𝑏𝑢𝑦
𝑒𝑙 𝑊𝑑𝑠𝑐

휂𝑒𝑙,𝐿𝐴𝐸𝑆
+ 𝜋ℎ𝑄𝐷𝐻𝑁 + 𝜋𝑐𝑄𝐷𝐶𝑁

 
6.15 

 

 
𝐶𝑆𝑔𝑒𝑛 =

𝐾𝐿𝐴𝐸𝑆+𝑔𝑒𝑛 −𝐾𝑀−𝐿𝐴𝐸𝑆

𝐾𝐿𝐴𝐸𝑆+𝑔𝑒𝑛

= 1 −
𝜋𝑏𝑢𝑦
𝑒𝑙 𝑊𝑐ℎ𝑟

𝜋𝑏𝑢𝑦
𝑒𝑙 (

𝑊𝑑𝑠𝑐
휂𝑒𝑙,𝐿𝐴𝐸𝑆

+
𝑄𝐷𝐶𝑁
𝐸𝐸𝑅 ) + 𝜋𝑓

𝑄𝐷𝐻𝑁
휂𝐵

 
6.16 

 

𝑊𝑐ℎ𝑟 and 𝑊𝑑𝑠𝑐 represent the yearly electricity input and output, while 𝑄𝐷𝐻𝑁 and 𝑄𝐷𝐶𝑁 are the overall 

heating and cooling delivered from M-LAES to the district: all outputs from the dispatch algorithm. 

휂𝑒𝑙,𝐿𝐴𝐸𝑆 is the nominal electric efficiency for the plant operated as electricity storage only (i.e. LAES 

roundtrip efficiency). 

 

In equation 6.15, 𝜋𝑏𝑢𝑦
𝑒𝑙 , 𝜋ℎ  and 𝜋𝑐  stand for off-peak electricity price, heating and cooling price, 

respectively; their values were all retrieved from [307] and are gathered in Table 33, together with 

other input values used to compute 𝐶𝑆𝑝𝑢𝑟𝑐ℎ and 𝐶𝑆𝑔𝑒𝑛. For the case of local production of hot and 

cold, cooling generation through an electric chiller with conversion efficiency 𝐸𝐸𝑅 and heat provision 

by a gas boiler with efficiency 휂𝐵 at a fuel cost 𝜋𝐹 of 35 $/MWh, as indicated in [308], were assumed. 

No other cost contributions were considered at this stage (investment, balance of plant, additional 

components, etc.) as the analysis looks at operational savings only. Indeed, investment and 

maintenance costs are expected to be comparable for multi-energy use of LAES and the benchmark 

cases, if not higher for the latter. 
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Table 33: Input parameters to the economic assessment of M-LAES. 

Symbol Parameter Value Reference 

휂𝑒𝑙,𝐿𝐴𝐸𝑆 LAES roundtrip efficiency 47% Numerical model 

𝐸𝐸𝑅 Chiller conversion efficiency 4 [306] 
휂𝐵 Gas boiler conversion efficiency 90% [309] 

𝜋𝑏𝑢𝑦
𝑒𝑙  Off-peak electricity price 40 $/MWh [307] 

𝜋ℎ Heating price 38 $/MWh [307] 
𝜋𝑐 Cooling price 27 $/MWh [307] 
𝜋𝑓 Fuel price 35 $/MWh [308] 

 

6.4 Results 

6.4.1 Independent and combined heating or cooling provision from liquid air energy 
storage 

Results referring to the independent provision of heating or cooling from LAES, alongside electricity, 

are presented in Figure 70. These plots show the effect of the technical variations on the LAES process, 

introduced by the multi-energy output on specific work and thermal output. Different levels of external 

heating (subplot (a)) and cooling (subplot (b)) are measured by the split parameter 𝜉. 

 

As expected, the thermal output of LAES varies with the split parameter 𝜉, i.e. the portion of available 

hot or cold recycle being sent directly from the TES to DHN or DCN, which then affects the charging 

and discharging process of the LAES plant. However, the effect is remarkably different for heating and 

cooling. Heating provision affects charge operation only. In Figure 70 (a), a higher thermal supply to 

the DHN progressively reduces the amount of heat recycled through the reheating stages, ultimately 

lowering turbine inlet temperatures. In turn, this causes a decrease in specific work output from LAES 

(𝑤𝑑𝑠𝑐), while the specific amount of cold recycled in the liquefaction process (𝑞𝐶𝑅) remains constant. 

Conversely, cooling impacts both charge and discharge. In Figure 70 (b), both the specific liquefaction 

work (𝑤𝑐ℎ𝑟) and the heat recycled (𝑞𝐻𝑅) increase linearly for higher cooling output, as more air must 

now be compressed to ensure a given liquid production (liquid yield decreases). 

 

Figure 70: Individual effect of heating (a) and cooling (b) provision on LAES performance 
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Another key difference between heating and cooling provision relates to the associated variation of 

LAES electrical efficiency. LAES electrical efficiency is most sensitive to the level of cooling provision (a 

0.1 increase in the 𝜉 parameter leads up to a 14% reduction of 휂𝑒𝑙), confirming the tight link between 

cold recycle and LAES efficiency also described in other works [101]. When heating is provided, no 

variation in electrical efficiency is registered initially. This is because two mechanisms result in some 

excess compression heat being stored during air liquefaction: i) process irreversibilities, in the form of 

thermal energy and ii) liquid yield, whereby larger amounts of air need to be compressed per unit air 

liquefied, thus generating more compression heat [126]. Only once such excess heat is fully consumed 

to supply the DHN, reheating temperatures begin to drop, and so does 휂𝑒𝑙. However, compared to 

cooling, a 0.1 increase in the 𝜉ℎ parameter leads at most to a 7% reduction of 휂𝑒𝑙. 

 

Finally, in the operation of LAES for delivery of heat and electricity, a maximum level of external heat 

provision, corresponding to the value 𝜉ℎ,𝑚𝑎𝑥, may be imposed to keep outlet temperatures from the 

turbine train above ambient conditions, thus avoiding freezing at LAES outlet. This results in a technical 

limitation on the maximum external heat provision level, which is represented by the shaded area in 

Figure 70. On the contrary, no such technical bound exists for 𝜉𝑐 and up to 375 kJ/kgLA could be devoted 

to external cooling if required. In practice, restrictions may be imposed to ensure a target liquefaction 

performance (and thus electrical efficiency) is met. At 𝜉𝑐 = 1 (i.e. full cold recycle delivery to DCN), the 

specific liquefaction work would be approximately 600 kWh per ton of liquid air: a figure consistent 

with “microgrid scale” plants [93], but nearly twice the value for large LAES systems or state-of-the-art 

liquefiers [18,310]. 

 

The same underlying effects illustrated in Section 6.4.1 drive the general case of combined provision 

of heating, cooling and electricity, as illustrated in Figure 71, for six different levels of multi-energy 

output. Changes in the level of heating provision affect electricity output and electrical efficiency, due 

to competition between the use of hot recycle for external DHN supply or internal air reheating. 

Instead, variations in the cooling provision affect both the electricity and heating output by modifying 

liquefaction performance and the compression heat available for LAES discharge. These results show 

that M-LAES can ensure cross-coupling between energy vectors by simply managing the energy 

produced during the process with no extra equipment (e.g. boilers and/or chillers). As an example, 

with 100 MWh of input electricity, LAES can supply 21.6 to 47 MWh of electricity, 8.8 to 50 MWh of 

heating and 8 to 12 MWh of cooling. However, 휂𝑒𝑙  decreases the more plant output is diversified over 

the vectors and the thermal efficiency (heating and cooling) increases. Therefore, economic benefits 

might make up for the reduced electrical efficiency, as discussed in Section 6.5.2. 
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Figure 71: Energy Sankey diagrams of a multi-energy LAES, for different levels of combined heating and cooling provision. 

6.4.2 M-LAES performance for district integration 

Alongside technical considerations introduced by multi-energy LAES operation, additional operational 

constraints also need to be met when integrating LAES with district heating and cooling networks. 

These are, for example, the extent and variation in time of the demand for individual energy vectors 

and the supply temperatures of the DHN and DCN. The prediction of LAES technical performance under 

such an ensemble of constraints is the focus of this section. 

 

To this end, Figure 72 illustrates the total energy output of LAES over a one-year operation, as well as 

the relative share of electricity, heating and cooling delivered to the district for the scenarios presented 

in Section 6.3.3, in the case 𝜉𝑐 = 0.25. By comparing the first law efficiency values across Figure 71 

and Figure 72, it can be appreciated how additional integration constraints result in significantly lower 

performance than predicted considering the technical feasibility alone. However, focussing exclusively 

on efficiency comparison does not allow to fully appreciate the system value of LAES during multi-

energy operation. For example, in scenarios with heat prioritisation, LAES electrical efficiency 휂𝑒𝑙  drops 

below 10%, suggesting that for efficient plant operation heating should be considered a by-product of 

LAES operation instead of the main driver. Nonetheless, strategies that aim at maximising both 

electrical and heating output yield consistently the highest LAES efficiency. In scenario 3, for instance, 

휂𝑒𝑙=33%, 휂ℎ=25% and 휂𝑐=4.7%. LAES first law efficiency in these cases is therefore well above 60% for 

the large district and 70% for the small district, indicating that M-LAES operation can outperform that 

of conventional LAES exclusively focused on electricity provision. M-LAES can ensure higher energy 

delivery and enhanced district support. 
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Figure 72: Total energy delivery and output energy share for LAES. Large district (top) and small district (bottom) integration. 

The effect of district size on LAES performance can be observed by comparing efficiency values in 

Figure 72 by column. In our analysis, small residential districts are characterised by lower DHN return 

temperatures and higher demands for heating over electricity. In these cases, higher values of first law 

efficiency are achieved consistently across all scenarios, showing potential for M-LAES integration 

within new-generation, low-temperature DHN. Such a setting favours thermal efficiency and the 

diversification of plant output compared to electricity-only operation. Since lower network 

temperatures allow for a higher heating supply from LAES, first law efficiency increment is higher for 

scenarios prioritising heating or joint electricity and heating delivery. 

6.5 Discussion 

The results so far presented highlight the capability of LAES to supply a multi-energy output, with no 

requirement of additional components and by redirecting the hot and cold streams generated through 

the process. However, this comes with some associated technical constraints and additional limitations 

due to the integration setting considered. In this section, further generalisation of the above 

conclusions and the techno-economic value for a multi-energy LAES is sought. 

6.5.1 Liquid air energy storage vector-coupling capability 

Multi-energy capability maps were obtained from the developed model for LAES, as a visual 

representation of the space containing all the technically feasible combinations of cooling, heating and 

electricity output that can be sustained [239]. These are shown in Figure 73, normalised to the rated 

power output of the LAES plant considered. For a fixed level of cooling delivery 𝜉𝑐, LAES operating 

point must lie on the shaded area of the electricity-heating plane. Then plant output regulation can be 

achieved by: i) acting on the 𝜉ℎ parameter to tune the relative share between heating and electricity; 

and ii) changing the air mass flow rate circulated through the system to adjust LAES absolute output, 
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at a constant share of energy vectors. Analogous regulation through 𝜉𝑐 and the air flow rate applies to 

cooling provision. 

 

Figure 73, shows that changes in cooling provision have the effect of reshaping the capability maps. 

For increased cooling level, the range of feasible LAES operation narrows in terms of power delivery 

(less liquid air is produced for a given energy input), while it is enhanced for heating output as more 

compression heat is made available, for internal recycle or DHN provision. Consequently, the inflexion 

point B where turbine inlet temperature starts to drop occurs now at higher shares of heating supply. 

Capability maps for additional levels of 𝛾𝐶  would be intermediate to those shown here. 

 

Figure 73: Capability maps for a multi-energy LAES plant, describing the technically feasible operating region. 

The capability maps derived also capture the effect of DHN supply temperatures, which bound the 

minimum temperature at which heat from LAES can be used. DHN temperature variation is found not 

to affect LAES electricity output by any means. Conversely, as more heat can be externally supplied for 

lower DHN temperatures, the capability region enlarges, accounting for added operational flexibility 

and an increased energy efficiency of LAES. 

Generalised liquid air energy storage multi-energy operation 

Findings from Section 6.5.1 have shown the operating point for a given multi-energy LAES plant is 

univocally determined by three parameters: two (𝜉ℎ and 𝜉𝑐) characterising the thermal delivery and 

hence the hot and cold recycle, plus the liquid air mass flow rate (�̇�𝐿𝐴). Therefore, if the analysis is 

carried out in specific terms (per unit flow of liquid air), two recycle variables, naturally associated with 

charge and discharge, become sufficient to uniquely describe LAES operation. This generalised way to 

synthesise the technical operation of M-LAES is presented in Figure 74, where the selected recycle 

variables are 𝑐𝑜𝑖𝑙,𝑑𝑠𝑐 = (
�̇�𝑜𝑖𝑙

�̇�𝐿𝐴
)
𝑑𝑠𝑐

 and 𝑐𝐶𝑅,𝑐ℎ𝑟𝑔 = (
�̇�𝐶𝑅

�̇�𝐿𝐴
)
𝑐ℎ𝑟

. Through data fitting, analytical functions 

can be obtained, which generalise the multi-energy operating point for the considered LAES plant. 

 

From Figure 74, LAES operating point, i.e. the power input and output, heating and cooling delivery, 

can be identified. On the bottom plots, the 𝑐𝐶𝑅,𝑐ℎ𝑟 value on the x-axis can be fixed (considering the 

difference between the energy available in the cold TES minus the desired external cooling delivery), 

which allows reading the produced mass flow rate of liquid air produced and compression heat in the 

hot recycle, from subfigure (d) and (e), respectively, given external power input. Similarly, when 

discharging, the compression heat recycled in the reheating process can be computed based on hot 

TES availability and external supply to DHN. The 𝑐𝑜𝑖𝑙,𝑑𝑠𝑐 value is thus fixed on the top plots; LAES power 
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output and the cold recycle production per unit mass flow rate of liquid air are given by subfigure (a) 

and (b), respectively. Finally, given the supply temperatures for DHN and DCN, the specific thermal 

output can be evaluated from the two contributions of Equation 6.10: 

 

 𝑞𝐷𝐻𝑁 = 𝜉ℎ�̇�𝑜𝑖𝑙,𝑐ℎ𝑟(𝑇𝑜𝑖𝑙 − 𝑇𝐷𝐻𝑁)⏟              
1

+ (1 − 𝜉ℎ)�̇�𝑜𝑖𝑙,𝑐ℎ𝑟(𝑇𝑜𝑖𝑙,𝑜𝑢𝑡 − 𝑇𝐷𝐻𝑁)⏟                    
2

 6.17 

 

 𝑞𝐷𝐶𝑁 = 𝜉𝑐�̇�𝐶𝑅,𝑑𝑠𝑐(𝑇𝐷𝐶𝑁 − 𝑇𝐶𝑅)⏟              
1

+ (1 − 𝜉𝑐)�̇�𝐶𝑅,𝑑𝑠𝑐(𝑇𝐷𝐶𝑁 − 𝑇𝐶𝑅,𝑜𝑢𝑡)⏟                    
2

 6.18 

 

The first contributions involve known values, while the second contributions – downstream reheating 

or the cold box – are to be obtained by subfigure (c) and (f), respectively, depending on the specific 

temperature of operation of the DHN and DCN. 

 

Figure 74: Synthetic representation of a trigenerative LAES plant operation through conversion functions. 

Note the specific set of relations in Figure 74 applies to a given LAES design, but enables a compact 

description of plant operation; a similar generalisation approach for design purposes can be found in 

Tafone et al. [311]. Variable dependency is, in this case, nonlinear and energy output calculation 

requires knowledge of the liquid air mass flow rate, which is typically an outcome of operational 

studies/optimisations [236]. Nonetheless, this approach is directly applicable to heuristic dispatch 

algorithms such as the one presented in Section 6.3.4 and was used in the district integration 

assessment. 
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6.5.2 Benefits from multi-energy liquid air energy storage integration with districts 

To visualise LAES impact on district system operation, Figure 75 shows the residual district load profile 

obtained for the midseason case and 𝜉𝑐 = 0.25 by subtracting the results of LAES dispatch algorithm 

from the original district load. When the multi-energy capability is leveraged, the net demand profile 

over each vector is reshaped, and its final shape ultimately depends on the specific operating strategy 

and vector prioritisation chosen for LAES. 

 

The top row of Figure 14 addresses LAES operation as a peaker; in these cases, heating, cooling and 

electricity peaks are effectively shaved. Notably, the morning peak in electricity demand reduced from 

392 to 284 MW for electricity, while the peak in heating demand diminished from 274 to 193 MW. 

During peak times, LAES can supply 29% of district's electricity needs and, on top of this, up to 37% of 

the heating and 31% of the cooling requirements. This implies lower operating costs for the district. A 

reduced electricity demand must be imported from the grid and at lower associated ratings. Similarly, 

in the district heating and cooling, thermal peaks can now be provided at lower ratings, with less 

generation turnup or need for backup units. In existing networks, this may also allow decreasing the 

supply temperature. 

 

For load-following operation (bottom row of Figure 75), LAES output is proportional to district demand 

to smoothen load profiles. The change in residual load is less evident in this case, as longer supplied 

periods entail lower LAES output: for example, in scenario 4, LAES power level varies from 33 to 14 

MW. However, this still results in a steadier electricity load and similar considerations apply to the 

heating and cooling loads. Less output flexibility is thus required for the generating assets, which would 

operate closer to design conditions for longer periods, boosting system efficiency. 

 

Figure 75: Daily residual load profiles and operating schedule for M-LAES in the large district - Midseason results. Top row: peaker 

operation; bottom row: load-following operation. 

During plant operation, the parameter 𝜉ℎ and the liquid air flow rate can be adjusted to prioritise LAES 

contribution to district electricity or heating demand fulfilment, or alternatively to maximise the joint 
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LAES energy delivery for both heating and electricity. This is for example the case of scenario 3, where 

up to 210 MWh of peak electricity and 243 MWh of peak heating are provided (and overall daily plant 

output increases to 504 MWh, as compared to 483 MWh in scenario 1 and 485 MWh in scenario 2). 

Economic benefits 

Economic results comparing multi-energy output to the electricity storage-only operation of LAES are 

presented in Figure 76 and Figure 77, where red bars highlight positive values of the cost-saving metric. 

As detailed in Section 6.3.3, two benchmark cases were considered for this assessment; Figure 76 

addresses the case of external purchase of heating and cooling at a fixed price, while Figure 77 the 

local generation of heating and cooling. 

 

Figure 76: Cost-saving metric for the selected integration scenarios in the case of fixed-price heating and cooling purchase. 

Overall, results demonstrate that multi-energy LAES operation can be economically viable in some of 

the scenarios considered. In these cases, the economic value from additional heating and cooling 

output offsets the reduction in electrical efficiency observed in Section 6.4. Should the extra thermal 

energy be externally purchased at a fixed price, up to 8.3% savings can be expected for the large district 

and up to 12.4% for the small one. For local heating and cooling production, cost-saving figures are up 

to 8.5% and 12.6%, respectively, still outlining M-LAES profitability. 

 

Outcomes from the economic assessment also inform on the best M-LAES operating strategy. Across 

all the scenarios, the highest savings are obtained when maximising the joint plant output over heat 

and electricity, both for load-following and peak provision. This allows retaining high values of 

electrical efficiency (휂𝑒𝑙 = 45%) and fully exploit the available compression heat for supplying the 

DHN. On the contrary, heating prioritisation is not economically viable since it excessively reduces LAES 

power output to favour an energy vector which presently has a lower associated economic value. 

 

Economic results do not support high levels of cooling provision from LAES either, since a fast 

detriment in LAES electrical efficiency is observed (see Section 6.4.1). Only in the case of small districts, 

Figure 76 still shows positive cost-saving 𝐶𝑆 for the condition 𝜉𝑐 = 0.25, thanks to the enhanced heat 

delivery that higher cooling output and low DHN temperatures allow. In all the other cases, a constant 

cooling delivery throughout the year would generate losses for district operator, but cooling provision 

could still be profitable for limited periods when both cooling and heating are required and external 

delivery of the additional compression heat could make up for the low electric efficiency. The present 
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analysis suggests that, with only 4% increment in the cooling price, from 27 to 28.5 $/MWh, the fully 

trigenerative output becomes the most profitable operating strategy for times when heating, 

electricity and cooling are required. 

 

Figure 77: Cost-saving metric for the selected integration scenarios, in the case of local generation of heating and cooling. 

Sensitivity analysis on the energy prices showed off-peak electricity tariff is the most influential 

parameter, with a 10% reduction yielding an increase from 12.4% to 14.6% in the 𝐶𝑆𝑃 parameter and 

from 12.6% to 14.8% for 𝐶𝑆𝐺. In this case, since M-LAES “trades” electricity output with multi-vector 

capability, the lower the cost of electricity, the higher the advantage of multi-energy operation. As the 

penetration of RES has the effect of lowering off-peak electricity prices [160], future cases for M-LAES 

can be envisioned. Also the gas price has a significant effect on the profitability of M-LAES operation: 

a 10% increase in gas price results in a higher 𝐶𝑆𝐺  up to 14.6%, while the 𝐶𝑆𝑃 indicator is not directly 

affected by variations in the gas price, under the considered assumption. Even disregarding 

exceptionally high gas prices due to current market distress [312], it is likely a carbon tax or other policy 

mechanism will drive upwards fossil fuel prices in the future. This analysis points to the value of multi-

energy operation of LAES, as compared to electricity-storage-only, in those circumstances, particularly 

in locations with concurrent low electricity prices, e.g. coupled with large RES generation fields or 

inflexible baseload power plants. On the contrary, M-LAES viability is hardly affected by variations in 

the heating or cooling price: a 10% heating price reduction results in a 𝐶𝑆𝑃 drop from 12.4% to 10.4% 

and the drop is from 3.8% to 3.5%, for 𝛾𝐶 = 0.25, when cooling price is varied. 

 

Overall, Figure 76 and Figure 77 support the use of LAES as a multi-energy asset, compared to the 

electricity storage operation so far investigated. On top of the operational cost savings evaluated here, 

the combined production of electricity, heating and cooling from M-LAES requires very limited 

connection costs to DHN and DCN, no additional devices and reduces the need for extra generation 

onsite and associated investments. These considerations provide further rationale in support of multi-

energy LAES adoption. 

6.6 Conclusion and outlook 

Following Chapter 4 and Chapter 5 focus on LAES potential within the power system, results from this 

chapter address an alternative and complementary strategy for LAES deployment. This involves looking 

at LAES as a multi-energy asset for the delivery of heating and cooling, alongside electricity and smart 
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district-scale energy management. A model that can capture LAES technical constraints from 

component to system level is presented and used to outline opportunities and limitations of the novel 

multi-energy operation strategy. The techno-economic value is quantified through a district 

integration study considering different synthetic load profiles and dispatch strategies for the plant 

operator. Crucially, the findings provide new understanding of the possibility of extending LAES value 

beyond the contribution to grid balancing capability, advancing the traditional electrical storage-only 

approach. 

 

LAES can offer multi-energy flexibility with no requirement for additional components, but a set of 

technical and operational constraints limit the extent to which combined power and thermal energy 

can be supplied. Heat provision reduces electrical efficiency while cooling provision decreases electrical 

efficiency but increases heating output. As a consequence of such power and thermal output coupling, 

a feasible region of operation exists for multi-energy LAES, whose extent depends on the level of 

cooling to be provided. 

 

Multi-energy LAES supports district operation by reducing peaks or supplying baseload demand over 

different energy vectors. In the cases explored, coverage of 5% and 10% of district electricity and 

thermal demand results in up to 12.6% operational cost savings. Financial benefits mainly result from 

the joint output of electricity and heating, while it is appropriate to consider cooling provision only for 

limited periods of simultaneous heating and cooling demand (e.g. midseason) or for high cooling 

prices. These results uncover a value in the additional flexibility arising from multi-energy LAES, which 

is proven to be important for the management of future energy districts; they demonstrate the 

combined electricity-heating provision as an alternative deployment pathway for LAES. 

6.6.1 Chapter relevance within this thesis 

Results in this chapter address the research objective O3, by studying the multi-energy operation of 

LAES. They shed light on the possibility of extending LAES value beyond the contribution to grid 

balancing, to supply heating, cooling and electric district loads for the orchestration of future multi-

energy systems, thus extending its contribution to energy decarbonisation. The study complements 

the available analyses of purely electrical LAES operation and brings the following contributions to the 

existing body of literature: 

 

• Technical assessment of a novel working paradigm for LAES with external delivery of 

compression heat and evaporation cold alongside electricity 

• Multi-energy capability maps for LAES describing its feasible region of operation 

• District integration assessment of M-LAES, considering different sizes, operating strategies and 

district hourly load profiles 

• Techno-economic comparison to the traditional operation of LAES 

 

The essential discussion of storage thermodynamic characteristics from Chapter 4 and Chapter 5 is 

extended in the present chapter to the multi-energy operation of LAES. Chapter 7 concludes this 
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research work by investigating the LDS application of LAES and other relevant TMES concepts, which 

is of great future relevance for highly decarbonised energy systems with large RES penetration.
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CHAPTER 7 
 

Thermo-mechanical energy storge concepts 
for long-duration storage applications 

After focussing on LAES and characterising its operation in the power and energy system in Chapter 4, 

Chapter 5 and Chapter 6, this final results chapter considers several TMES solutions and investigates 

their future potential for LDS applications. TMES performance is compared with the techno-economic 

requirements for LDS and the assessment of TMES is extended from the typical 10 h duration range, to 

200 h duration. Technologies considered include traditional TMES (ACAES, LAES and PTES) and novel 

TMES concepts which store energy through, respectively, reversible oxidation, carbonation and 

hydration reactions. Thermodynamic storage models are presented and used to: i) quantify storage 

techno-economic performance at rated conditions; ii) observe the effect of component efficiency 

variation on system performance; and iii) study the evolution of techno-economic performance 

indicators with storage duration. Results for the selected concepts are cross-compared and 

benchmarked against targets for LDS and incumbent storage technologies. Outcomes show that, 

whereas traditional TMES – mostly ACAES and LAES – should be preferred for MDS, novel TMES based 

on oxidation and hydration reactions deliver the best economic performance for LDS. ACAES and novel 

TMES already fit the LDS cost target of 20 USD/kWh and become cost-competitive with the use of H2 

(at ~15 USD/kWh) under future technological developments. Through such comparative assessment, 

results from this chapter fulfil the thesis objective to assess selected TMES concepts for LDS 

applications. They demonstrate that, besides MDS applications, TMES also has significant potential to 

complement H2 in helping balance the long-duration supply-demand mismatch of future low-carbon 

energy systems. 
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7.1 Introduction 

As introduced in Chapter 2, energy storage with discharge duration above 10 h becomes especially 

valuable in balancing supply and demand for RES shares above 50% in the energy mix. Chapter 4, 

Chapter 5 and Chapter 6 consider the daily operation of LAES, i.e. MDS application. However, identified 

investment costs of 100s £/kWh and the independent power/capacity sizing discussed in Chapter 5 

highlight LAES duration could be cost-effectively extended to address the future needs of LDS. Besides 

LAES, other TMES options may be suitable too. To verify that and to highlight which technologies to 

adopt or further develop, TMES techno-economic performance should be evaluated for LDS 

applications and put into perspective with incumbent LDS options. 

 

This final results chapter complements the analysis reported so far by: i) assessing the potential of 

TMES for LDS application; and ii) presenting a techno-economic performance comparison of 

established and novel TMES concepts. ACAES, LAES and Brayton PTES are considered among 

established TMES, while novel concepts comprise oxides energy storage (OES), carbonates energy 

storage (CES) and hydroxides energy storage (HES). Bottom-up thermodynamic models are developed 

for each concept to predict the key performance indicators and their variation with component 

performance and storage duration. Model outcomes are benchmarked against the target design space 

for LDS, thus achieving a twofold advancement. First, established and novel TMES concepts are cross-

compared for MDS and LDS applications. Second, each technology is assessed by its current and future 

capability to provide LDS services at the target cost and performance, which instructs on the potential 

and development needs for the individual TMES concepts considered in the analysis. 

 

The structure for this chapter is the following: analysis background and assumptions are listed in 

Section 7.2, while Section 7.3 describes the numerical model setup for the various TMES concepts. 

Study results are presented in Section 7.4, divided into MDS and LDS applications. Then, Section 7.5 

discusses the effect of technological developments and storage duration on its techno-economic 

performance; results are compared with the target LDS design space. Finally, Section 7.6 outlines the 

conclusion and outlook. 

7.2 Background and assumptions 

7.2.1 Storage duration and duty cycles for medium- and long-duration storage 

Duration represents in this work the time over which storage discharge at rated power output can be 

sustained, starting from fully charged conditions [313]. Hence, the difference between MDS and LDS 

applications is reflected by different storage durations, with MDS up to 10 h [314] and LDS above 12 h 

duration, to address multi-day and seasonal supply variability [168]. Similar to the approach pursued 

in Chapter 4, duty cycles were used to mimic storage operation, this time considering one full charge 

and discharge at rated power, and two idle periods of equal length between charge and discharge. As 

summarised in Table 34, daily cycles were considered for MDS applications, weekly cycles for LDS up 

to 50 h duration, and monthly cycles above. Idle periods length was determined from storage rated 
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power – 100 MW for all technologies, consistently with TMES intended size [143] – duration and cycling 

pattern, under an equal charge and discharge time. 

Table 34: Medium- and long-duration storage and duty cycle features considered for this analysis. 

Cycling pattern Storage duration [h] Idle periods [h] 𝝉𝒄𝒉𝒓: 𝝉𝒅𝒔𝒄 

Daily 8-10 2-4 1:1 
Weekly 12-50 34-72 1:1 
Monthly 52-200 160-308 1:1 
Example of duty cycles 
MDS (8 h capacity) Charge: 8 h; Idle: 4 h; Discharge: 8 h; Idle: 4 h 
LDS (200 h capacity) Charge: 200 h; Idle 160 h; Discharge: 200 h; Idle: 160 h 

 

7.2.2 Investigated storage concepts and respective layout 

Figure 78 shows the process flow diagram of the six TMES storage concepts investigated in this chapter; 

these include three established solutions – largely discussed in Chapter 2 – and three novel concepts. 

Among established TMES, a conventional 2-stage compression and expansion ACAES with sensible TES 

and air storage in a salt cavern was considered [248]. LAES layout consists of a 3-stage compression 

and expansion process, Claude-based liquefaction, sensible TES for hot and cold recycle and a low-

pressure liquid air tank [126]. PTES operates a closed Brayton cycle using argon, with sensible hot and 

cold reservoirs and indirect heat transfer. The latter design choice was shown to only marginally affect 

PTES performance, whilst avoiding the need for pressurised hot and cold TES vessels [38]. Pressure 

vessels investment was though to excessively weight on PTES cost, especially at long-durations/large 

capacities, hence driving the decision of the investigated PTES layout. Packed bed TES was considered 

for all concepts due to its low cost, reliability, and thermal stability of the storage medium (gravel) 

across the temperature range covered [116]. 

 

The novel TMES concepts considered here were inspired by the chemical looping energy storage 

presented in Section 2.2.3, but use different chemical species and associated system components 

among those proposed for high-temperature thermochemical TES [75]. These are oxidation/reduction 

in OES, carbonation/calcination in CES and hydration/dehydration in HES. As illustrated in Figure 78, 

OES, CES and HES all consist of an open Brayton cycle for both the storage and the power generation 

phase, with air as working fluid; differences lie in the technological solutions for TES. OES uses O2 from 

the air as gaseous reactant and a packed bed as both the direct heat transfer reactor and TES facility 

[70]. On the contrary, both CES and HES necessitate a different reactive gas than air, so indirect heat 

transfer and a fluidised bed layout inspired by industrial carbonation equipment [15] were considered 

for the chemical reactors. To store gaseous reactants, a 75 bar pressurised vessel was considered for 

supercritical CO2 in CES [315], while H2O in the HES system can be stored in liquid form.  

Thermochemical materials considered are Mn2O3/MnO for OES [71], the largely investigated 

CaCO3/CaO for CES [316] and Ca(OH)2/CaO for HES, as the company SaltX seem to have solved the 

kinetic and stability problems that were affecting it [14]. 

 

This work adopts one representative layout for each of the six TMES considered, among the many 

considered in the literature. Although by no means unique, the choice was driven the absence of one 
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established commercial layout for most of the TMES concepts investigated and the need to confine 

the scope of the analysis. Selected layouts for each TMES concept are presented in Figure 79. 

 

Figure 78: Detailed system layout for the six TMES concepts considered and compared in this chapter. ACAES: adiabatic compressed air 

energy storage; LAES: liquid air energy storage; PTES: pumped thermal energy storage; OES: oxides energy storage; CES: carbonates 

energy storage; HES: Hydroxides energy storage. 

7.3 Numerical modelling of long-duration storage technologies 
and case studies 

7.3.1 Modelling of the proposed storage technologies 

Reduced thermodynamic models for each of the TMES concepts described in Section 7.2.2 were set up 

by explicitly modelling the devices involved in conversion processes between power and thermal 

energy and thermal energy storage. In such a bottom-up approach, model estimations are grounded 

on the key technical features of each system, which is suited for preliminary performance assessment 

and a quantitative cross-comparison in this analysis. A similar method was pursued elsewhere to 

compare different options for sorption energy storage [317]. Models were implemented in MATLAB, 

using the CoolProp library for fluid properties and the HSC chemistry database for chemical reactions. 

Conversion processes between power and thermal energy 

Three main components enable conversion between electricity and heat in the TMES concepts: 

compressors, expanders and heat exchangers. The model setup for each of the investigated TMES 

systems based on these components and thermal energy storage is exemplified in Figure 79. For 

compressors and expanders, the approach proposed in [272] was adopted, which can conveniently 

model both volumetric devices and turbomachinery, based on the definition of a thermal loss 

coefficient 휁𝐶 for the compressors and gain 휁𝑇 for turbines, together with device polytropic efficiency 

휂. Hence, the specific work of the 𝑖-th compression stage, 𝑤𝐶,𝑖, and the outlet temperature condition 

𝑇𝑜𝑢𝑡,𝑖  were computed as enthalpy difference, based on the stage inlet temperature 𝑇𝑖𝑛,𝑖, the isentropic 

coefficient for the gas 𝛾 and the compression ratio Π𝐶. 
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 𝑇𝑜𝑢𝑡,𝑖 = 𝑇𝑖𝑛,𝑖Π𝐶
𝜃𝐶  7.1 

 
휃𝐶 =

1

휂𝐶

𝛾 − 1

𝛾
(1 − 휁𝐶) 

7.2 

 
𝑤𝐶,𝑖 =

ℎ𝑜𝑢𝑡,𝑖 − ℎ𝑖𝑛,𝑖
1 − 휁𝐶

 
7.3 

 

Similar analysis led to the evaluation of the specific work produced and the outlet temperature of the 

working fluid from each expansion stage: 

 

 𝑇𝑜𝑢𝑡,𝑖 = 𝑇𝑖𝑛,𝑖Π𝑇
𝜃𝑇  7.4 

 
휃𝑇 = −휂𝑇

𝛾 − 1

𝛾
(1 − 휁𝑇) 

7.5 

 
𝑤𝑇,𝑖 =

ℎ𝑖𝑛,𝑖 − ℎ𝑜𝑢𝑡,𝑖
1 − 휁𝑇

 
7.6 

 

Heat exchangers and intercoolers/reheaters were all modelled based on device heat transfer 

effectiveness and the assumption of balanced flow between the hot and the cold fluid stream [318]. 

The thermal energy exchanged was computed as an enthalpy difference. Based on the system 

arrangement, 𝑇ℎ or 𝑇𝑐  also represent the temperature of the streams exchanged with the TES. 

 

 
(
𝑇ℎ,𝑜𝑢𝑡
𝑇𝑐,𝑜𝑢𝑡

) = [
1 − 휀 휀
휀 1 − 휀

] (
𝑇ℎ,𝑖𝑛
𝑇𝑐,𝑖𝑛

) 7.7 

 𝑞𝐻𝑋 = ℎℎ,𝑖𝑛 − ℎℎ,𝑜𝑢𝑡 = ℎ𝑐,𝑜𝑢𝑡 − ℎ𝑐,𝑖𝑛 7.8 

 

The suitable connection of compressors and heat exchanger or turbines and heat exchanger for each 

TMES system (see Figure 79) allows the forward and backward conversion between heat and 

electricity. 

 

Figure 79: TMES model setup based on modelling conversion and thermal energy storage processes. 
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7.3.2 Thermal energy storage processes 

Proper modelling of the thermal energy storage process was necessary for accurate estimation of plant 

performance, energy density and associated investment costs. In particular, the reversible chemical 

reactions involved in thermochemical energy storage are ruled by thermodynamic equilibrium so that, 

for any specified reactor pressure 𝑝𝑟, storage charging takes place if the working fluid temperature is 

bigger or equal to 𝑇𝑒𝑞 and vice versa for discharging: 

 

 
𝑝𝑟 = 𝑝0exp (

−∆𝐻 + 𝑇𝑒𝑞∆𝑆

𝑅𝑇𝑒𝑞
) 7.9 

 

∆𝐻 and ∆𝑆 represent the reaction enthalpy and entropy (per mole of reactant) associated with the 

specific reaction considered. Representative figures at high temperatures were computed following 

Hess law [319] and the tabulated values at standard conditions (as reported in Table 35), the 

stoichiometric coefficient 𝑎𝑖  for each compound (negative for reactants) and the 𝑐𝑝,𝑖  of the chemical 

species involved, the latter being retrieved from the HSC database as polynomial regression: 

 

 
∆𝐻(𝑇𝑟) = ∆𝐻0 ±∑𝑎𝑖∫ 𝑐𝑝,𝑖𝑑𝑇

𝑇

𝑇0𝑖

 7.10 

 
∆𝑆(𝑇𝑟) = ∆𝑆0 ±∑𝑎𝑖∫ 𝑐𝑝,𝑖

𝑑𝑇

𝑇

𝑇

𝑇0𝑖
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Three different approaches were used to model the technological TES solutions considered (see Figure 

79). These are sensible TES for ACAES, LAES and PTES, thermochemical TES with a packed bed open 

reactor for OES and thermochemical TES based on fluidised bed reactors for CES and HES, as described 

hereafter. 

Table 35: Standard values of reaction enthalpy and entropy for the considered reactions for thermochemical energy storage. 

Chemical reaction ∆𝑯𝟎 [kJ/kmol] ∆𝑺𝟎 [kJ/kmolK] 

4MnO2 ↔ 2Mn2O3 + O2 170347 213.691 

CaCO3 ↔ CaO + CO2 178000 160.16 

Ca(OH)2 ↔ CaO + H2O 109213 143.731 

 

Sensible thermal energy storage 

The TES volume was computed knowing the thermal energy to be stored (�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟), the value and 

associated temperature of the thermal energy produced during the charging process, and the 

thermophysical properties of the storage medium, 𝜌  and 𝑐𝑝 . An energy balance was defined and 

rearranged for the TES volume 𝑉𝑇𝐸𝑆: 

 

 
𝑉𝑇𝐸𝑆 =

�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟
𝜌𝑐𝑝(1 − 𝜎)∆𝑇𝑇𝐸𝑆

 
7.12 
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The outlet temperature of the working fluid could be computed according to Equation 7.7. In addition 

to the void fraction 𝜎 in the packed bed, a heat loss coefficient Λ was associated with the sensible TES, 

to represent the thermal losses as a percentage of the stored energy while in idle conditions [206], so 

that: 

 

 𝑄𝑙𝑜𝑠𝑠
�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟

= 1− 𝑒𝑥𝑝(−Λ𝜏𝑖𝑑𝑙) 
7.13 

 

Thermochemical energy storage with packed bed reactor 

Despite eliminating the need for additional components such as heat exchangers and storage tanks, 

analysis of packed bed reactors with direct heat transfer reveals a dynamic behaviour whereby the 

thermal profile inside the reactor is pushed forward and backward by TES charging and discharging 

[320]. Under the sharp front assumption in [321], the outlet temperature will be first 𝑇𝑐,𝑇𝐸𝑆 and then 

𝑇𝑒𝑞,𝑐ℎ𝑟 during charging, 𝑇ℎ,𝑇𝐸𝑆 and then 𝑇𝑒𝑞,𝑐ℎ𝑟 during discharging. The associated time of each outlet 

temperature condition was computed by an energy balance over the reactor. For instance, during 

storage charging: 

 

 �̇�𝑓𝑐𝑝,𝑓(𝑇ℎ,𝑇𝐸𝑆 − 𝑇𝑐,𝑇𝐸𝑆)𝜏1

= 𝑉𝑇𝐸𝑆(1 − 𝜎) [∆𝐻
𝜌

𝑀𝑀
+ 𝜌𝑐𝑝(𝑇𝑒𝑞,𝑐ℎ𝑟 − 𝑇𝑐,𝑇𝐸𝑆)] 

7.14 

 �̇�𝑓𝑐𝑝,𝑓(𝑇ℎ,𝑇𝐸𝑆 − 𝑇𝑒𝑞,𝑐ℎ𝑟)𝜏2 = 𝑉𝑇𝐸𝑆(1 − 𝜎)[𝜌𝑐𝑝(𝑇ℎ,𝑇𝐸𝑆 − 𝑇𝑒𝑞,𝑐ℎ𝑟)] 7.15 

 

The storage volume was estimated, in this case, including the chemical contribution to the storage 

capacity: 

 

 
𝑉𝑇𝐸𝑆 =

�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟

𝜌𝑐𝑝(1 − 𝜎)(𝑇ℎ,𝑇𝐸𝑆 − 𝑇𝑐,𝑇𝐸𝑆) + ∆𝐻
𝜌
𝑀𝑀

(1 − 𝜎)
 

7.16 

 

Thermochemical energy storage with fluidised bed reactor 

Fluidised bed reactors have been widely considered for carbonation/calcination [322] and 

hydration/dehydration [323] reactions of CaO. As heat recovery schemes have been proven beneficial 

for system overall performance [324], an ideal recuperation process between products leaving the 

reactor and incoming reactants was assumed here, meaning the equilibrium temperature can be 

maintained constant in the reactor. Hence, outlet temperature for the air stream was computed from 

Equation 7.7, while the total volume of TES, in this case, accounts only for the chemical contribution, 

plus the extra volume required to store the reactants (respectively, CO2 at 75 bar, and water at ambient 

pressure): 

 

 
𝑉𝑇𝐸𝑆 =

�̇�𝑐ℎ𝑟𝜏𝑐ℎ𝑟

∆𝐻
𝜌
𝑀𝑀

(1 − 𝜎)𝐶𝐹
+
𝑚𝐶𝑂2/𝐻2𝑂

𝜌𝐶𝑂2/𝐻2𝑂
 

7.17 
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The mass of the reactant was computed from a mass balance, including the value of conversion factor 

(𝐶𝐹) (20% for Carbonation [325] and 80% for CaO Hydration [326]) and the excess gas (𝐸𝐺): 

 

 
�̇�𝐶𝑂2/𝐻2𝑂 = (1 + 𝐸𝐺)

�̇�𝑐ℎ𝑟𝑀𝑀

𝐶𝐹∆𝐻
(
𝑀𝑀𝐶𝑂2/𝐻2𝑂

𝑀𝑀
)(
𝜈𝐶𝑂2/𝐻2𝑂

𝜈
) 

7.18 

 

The specific parameters for TMES model setup are gathered in Table 36. 

Table 36: Characteristic parameters for the TMES technologies investigated. 

Characteristic parameter Rated value 

Heat exchanger efficiency 0.92 
Machinery thermal losses/gains 0.00 
Machinery polytropic efficiency 0.85 
Specific cold recycle of LAES 350 kJ/kg 
Liquid yield of LAES 0.8 
Void fraction in solid beds 0.38 
Sensible TES loss coefficient 0.00083 1/h 
CaO conversion factor carbonation 20% 
CaO conversion factor hydration 80% 
Excess gas carbonation 42.75% 
Excess gas hydration 10% 
Pressure CO2 storage 75 bar 

 

7.3.3 Estimation of plant investment costs 

Plant investment cost was evaluated from the cost functions for individual devices, namely 

compressors, heat exchangers, turbines, reactors, storage tanks, vessels and the air cavern, as well 

costs of the TES storage media. Functions from the literature and material price from sellers were used 

for this purpose, as reported in Table 37; they were chosen as already applied in the literature to the 

study of specific TMES systems, and particularly LAES. On top of these mentioned costs, an additional 

33% on power-related costs was considered for LAES (based on [327]), covering mainly air liquefaction 

equipment, cryopumps and evaporator. For the other technologies, a 10% surplus was added for 

auxiliaries. Cost figures were finally adjusted from 2017 k€ values in Table 37 to 2020 £, using the CEPCI 

index and a currency conversion factor. 

Table 37: Cost functions used to evaluate long-duration storage investment cost. All values are in 2017 k€. 

Component Cost function Variable 𝑿 Notes Ref 

Compressors 2035 (
𝑋

10
)
0.6

 Power input, MW Carbon steel [327] 

Turbines 1002 ∙ 3 (
𝑋

10
)
0.67

 Power output, MW Carbon steel [327] 

Intercoolers and 
reheaters 

(1.3 + 1.88)65
𝑋

1000
 Heat transfer area, m2 

Carbon 
steel, 𝑈=500 
W/m2K 

[327] 

TCES fluidised bed 
reactors, charge 

193𝑋0.65 Thermal input, MW Calciner [316] 
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TCES fluidised bed 
reactors, discharge 

3830 + 217𝑋0.65 Thermal output, MW Carbonator [316] 

Air cavern (
7.5

1.15
)𝑋 Capacity, MWh Salt cavern [328] 

Liquid air tanks 2760 (
𝑋

1200
)
0.6

 Liquid mass, ton 
Atmospheric 
pressure 

[97] 

Thermal storage tanks 563 + 0.22𝑋 Tank volume, m3 
Large field 
tank 

[327] 

Pressure vessels 
(
1.24

1000
)

∙ 10[3.49+0.44𝐿𝑜𝑔(𝑥)+0.11(𝐿𝑜𝑔(𝑥))
2] 

Vessel volume, m3 Vertical [329] 

Gravel 80 (
𝑋

1000
) Mass, ton 

Material 
cost 

[330] 

MnO2 534 (
𝑋

1000
) Mass, ton 

Material 
cost 

[331] 

CaO 27.5 (
𝑋

1000
) Mass, ton 

Material 
cost 

[332] 

 

7.3.4 Considered studies and performance indicators 

Two reference durations were used to represent MDS and LDS applications. These are 8 h for MDS [45] 

and 200 h for LDS, given 100+ h is used as a reference in [176]. Techno-economic comparison of the 

investigated TMES concepts for MDS and LDS is presented in Section 7.4. There, a sensitivity analysis 

of device characteristic parameters by varying machines’ polytropic efficiency between 0.8 and 0.9 and 

heat exchanger effectiveness between 0.87 and 0.97 informs on the effect of future technological 

improvements. 

 

Then, duration values spanning between 2 and 200 h and according to the duty cycles in Table 34 were 

considered to explore the impact of storage duration on TMES techno-economics; results are reported 

in Section 7.5.17.5. Finally, the LDS case study with 200 h duration was used to compare TMES 

economic figures with target values identified by system-scale analyses for prospective LDS 

technologies. 

Performance indicators 

Selected performance indicators used in this study are summarised in Table 38. Besides conventional 

metrics such as electric roundtrip efficiency (the ratio between the electricity output and input, over a 

complete storage charge/discharge cycle) or specific work, the energy density, 𝐸𝐷, informs on the 

TMES compactness. Both the thermal and the TES share, respectively 𝜒𝑡ℎ and 𝜒𝑇𝐸𝑆 provides useful 

technical insights into the proportion of TES volume required and the potential for external provision 

of heat. Finally, power and capacity-specific costs are useful to gauge plant economics and, crucially, 

are used as a benchmark against the indicated target for LDS applications. 

Table 38: Description of selected performance indicators used to evaluate and cross-compare different storage concepts. 

Key performance indicator Description Expression 

Roundtrip efficiency, 휂𝑅𝑇 [%] 
Ratio between electricity output and input, 
over a complete charge/discharge cycle 

휂𝑅𝑇 =
�̇�𝑜𝑢𝑡𝜏𝑑𝑠𝑐

�̇�𝑖𝑛𝜏𝑐ℎ𝑟
 



140 

 

Energy density, 𝐸𝐷 [kWh/m3] 
Ratio between electricity storage capacity 
and total storage volume 

𝐸𝐷 =
�̇�𝑜𝑢𝑡𝜏𝑑𝑠𝑐
𝑉𝑡𝑜𝑡

 

Specific work input, 𝑤𝑖𝑛 
[kJ/kg] 

Electric output per unit working fluid N. A. 

Specific work output, 𝑤𝑜𝑢𝑡 
[kJ/kg] 

Electric input per unit working fluid N. A. 

Thermal share, 𝜒𝑡ℎ [%] 
Ratio between thermal energy stored and 
electricity storage capacity 

𝜒𝑡ℎ =
�̇�𝑡𝑜𝑡𝜏𝑐ℎ𝑟

�̇�𝑜𝑢𝑡𝜏𝑑𝑠𝑐
 

TES share, 𝜒𝑇𝐸𝑆 [%] 
Ratio between TES and total storage 
volume 

𝜒𝑡ℎ =
𝑉𝑇𝐸𝑆
𝑉𝑡𝑜𝑡

 

Power-specific cost, 𝑃𝐶 
[£/kW] 

CAPEX per unit storage power output 𝑃𝐶 =
𝐶𝐴𝑃𝐸𝑋

�̇�𝑜𝑢𝑡
 

Energy-specific cost, 𝐸𝐶 
[£/kWh] 

CAPEX per unit storage capacity 𝐸𝐶 =
𝐶𝐴𝑃𝐸𝑋

�̇�𝑜𝑢𝑡𝜏𝑑𝑠𝑐
 

 

7.4 Results 

7.4.1 Pressure optimisation for novel TMES options 

The extensive literature on ACAES, LAES and PTES demonstrates consensus on the range and best 

values for the main operating parameters in traditional TMES (e.g. cycle pressures and temperatures) 

[333]. Contrarily, these aspects are only marginally explored for OES and to date fully unaddressed for 

the proposed CES and HES layout. Therefore, a preliminary optimisation of cycle charge and discharge 

pressure was carried out for the thermochemical TMES, to maximise roundtrip efficiency and illustrate 

the features of each concept. Pressure design maps are shown in Figure 80, visualising roundtrip 

efficiency variations with charge and discharge pressure; optimisation results are reported in Table 39. 

Table 39: Optimal charge and discharge pressures for maximum roundtrip efficiency of selected TMES options. 

TMES 
concept 

Pressure 
range 

Optimal charge 
pressure 

Optimal discharge 
pressure 

Optimal roundtrip 
efficiency 

OES 5-200 bar 200 bar 10.2 bar 21% 
CES 5-200 bar 200 bar 11.7 bar 22% 
HES 5-200 bar 57.4 bar 5 bar 12% 

 

Each concept displays a clear maximum in the roundtrip efficiency, meaning cycle pressures are 

relevant parameters to optimise for the effective operation of OES, CES and HES. For OES, higher 

charge pressure are shown to increase plant performance as result in higher temperatures in the TES 

and increased work output (a similar effect was observed by Saghafifar [70]). The optimum discharge 

pressure depends on the selected value during charging. However, this is not the case for CES (and, 

analogously, HES), since chemical equilibrium constrains the inlet temperature conditions before 

expansion so that the optimal discharge pressure only depends on the equilibrium temperature for 

the specific material and thermochemical reaction chosen for TES. The higher value 11.7 bar for CES 

reflects a higher equilibrium temperature of 900-1000 °C, as compared to 4 bar and 500-550 °C for 

HES. The optimal charge pressure for CES and HES also depends on the storage material selected, for 

the same reason. 
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Figure 80: Pressure design maps for OES and CES. 

A common constraint across novel TMES relates to the outlet temperature from the compressor, which 

must be above the equilibrium temperature to allow charging. However, the associated pressure limit 

is far from the optima in all cases, thus not limiting the design space. On the contrary, high optimal 

values computed for cycle pressures require multi-stage compression and expansion and call for 

advancements of compression technology to handle very high outlet temperatures in novel TMES [71]. 

7.4.2 Techno-economic concept comparison for medium-duration storage 

With the optimised pressure values from Table 39, the technical performance of novel and traditional 

TMES is compared in Figure 81, while specific cost metrics are reported in Figure 82, for 8 h duration. 

In both figures, error bars include the performance variations observed through sensitivity analysis. 

ACAES and LAES roundtrip efficiency align with values from the literature, while the predicted 28% 

value for PTES is due to the rather low machine efficiency considered in the present study (0.85) as 

compared to most of the literature [45]. Also the design choice with indirect heat transfer in the hot 

and cold TES clearly penalises PTES technical performance. However, assuming 0.95 polytropic 

efficiency PTES roundtrip efficiency would increase to 54%, with such large variation reflected by the 

errorbars. For MDS applications, none of OES, CES or HES can reach roundtrip efficiency values above 

50% of traditional TMES. Novel TMES only reach up to 29%, in the case of OES and CES and 21% with 

HES, under high device performance. This is due to the significant pressure difference between charge 

and discharge required for reactants to be, respectively, above and below the equilibrium 

temperature, which results in large process irreversibility as a consequence. 
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Figure 81: Roundtrip efficiency and energy density values for the TMES technologies investigated at 8 h duration. Errorbars have been 

obtained by changing the machine polytropic efficiency and heat exchanger effectiveness between 0.8 and 0.9 and 0.87 and 0.97, 

respectively. 

On the contrary, novel TMES outperform traditional options in energy density by up to 2 orders of 

magnitude, thanks to compact thermochemical TES, notwithstanding the low roundtrip efficiency. OES 

and HES, respectively, reach 214 and 41 kWh/m3, whereas LAES and PTES only achieve 24 and 19 

kWh/m3, and ACAES 6 kWh/m3. In CES, compactness is hindered by the only 20% conversion efficiency 

of CaO in the carbonator [325] and the additional pressure vessel necessary to store gas reactants. The 

supercritical CO2 tank accounts for 57% of the overall storage volume (~43500 m3), resulting in only 18 

kWh/m3 for CES, which is comparable with traditional TMES. Note the inclusion of reactors in the 

volume requirement would further decrease the energy density of both CES and HES, whereas OES 

integrates reactor and storage in a single device and does not suffer from this drawback. Energy density 

variations with machine efficiency are smaller for sensible TES, since temperature levels in TES are 

lower for more efficient components. 

 

Regarding economic results, the cost associated with power equipment (mainly turbines and 

compressors) represents by far the biggest contribution (between 50% and 83%) to the investment 

cost for MDS, in line with [139]. This penalises PTES and novel TMES relying on Brayton heat 

pump/power cycles, where the overall power input/output during charge/discharge results from the 

difference between compression and expansion work. Significantly bigger component sizes are 

therefore required, which escalates costs. As an example, for a 100 MW output, the PTES plant 

investigated requires a 262 MW compression train and 362 MW expansion train, whereas ACAES and 

LAES simply involve a 100 MW expansion train. In these regards, the proposed reversible operation of 

compression/expansion devices between charge and discharge [38] would reduce the number of 

components, with the potential to lower price from 1157 to 852 £/kW and from 145 to 106 £/kWh for 

the investigated PTES. However, satisfactory efficiency values still have to be demonstrated at these 

scales [334]. 
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Figure 82: Power and energy-specific cost values (left) and their variation with device characteristic parameters (right) for the TMES 

technologies investigated at 8 h duration. 

It is interesting to observe that, out of the thermochemical solutions, OES is competitive with PTES. 

Benefits come from the absence of heat exchangers and the use of a single, compact TES (of volume 

~3700 m3) rather than two packed beds (cumulatively ~42500 m3). Higher specific costs per unit 

volume for the pressurised vessel are more than offset by its compactness. The conclusion would 

change for increased device performance. At 0.90 polytropic efficiency for the machines and 0.97 heat 

exchanger effectiveness, the higher roundtrip efficiency of PTES results in overall costs of 871 £/kW 

and 108.8 £/kWh, whereas OES is less sensitive to device performance and only reaches 983 £/kW and 

123 £/kWh. 

 

Cost estimated for CES and HES show these solutions are significantly more expensive than other 

TMES, for MDS. One reason is the presence of fluidised bed reactors accounting for 11% and 14% of 

the overall investment. Additionally, HES is operated at lower temperature levels (in the range 500-

550 °C) and suffers from lower values of roundtrip efficiency, resulting in larger sizes for the power 

components. On the contrary, 25% of CES cost is associated with storage capacity. Absolute values are 

~75 USD/kWh, i.e. above the ~54 $/kWh indicated by Ortiz for calcium-looping TES [316], and mainly 

due to the large pressure vessel required for supercritical CO2. So, besides energy density, also costs 

are negatively impacted by storing gas reactants for carbonation. CES and HES, alongside PTES, are 

very sensitive to component performance improvements. However, even under machines and heat 

exchangers advancements, their power and capacity-specific costs would still be 1733 £/kW and 214 

£/kWh for CES, and 1846 £/kW and 230 £/kWh for HES: about twice as much as other TMES. 

7.4.3 Techno-economic concept comparison for long-duration storage 

Results obtained for 200 h duration (LDS application) are discussed in this section, with values for the 

technical performance indicators visualised in Figure 83 and the economic metrics displayed in Figure 

84. Due to standing losses in the TES, roundtrip efficiency predictions are lower than the MDS case for 

ACAES, LAES and PTES. Values drop to 68%, 33% and 24%, respectively. Hence, the performance gap 

with novel TMES solutions based on loss-free, thermochemical TES process, is reduced for at longer 

duration. Studies showed roundtrip efficiency is not of primary importance at the first stages of storage 

deployment, i.e. when large amounts of otherwise wasted energy are available [175]. However, it 

certainly affects the competition with alternative storage technologies and flexibility sources. 
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Therefore, this analysis proves it is vital to include representative values of standing losses in TMES 

assessment for LDS. Overall, only ACAES can operate for LDS with an efficiency above 60%, while other 

TMES sit in the range 25-35%. Energy density consequently decreases for traditional TMES to between 

5 and 18 kWh/m3, while it does not change for OES, CES and HES. 

 

Figure 83: Roundtrip efficiency and energy density values for the TMES technologies investigated at 200 h duration. Errorbars have been 

obtained by changing the machine polytropic efficiency and heat exchanger effectiveness between 0.8 and 0.9 and 0.87 and 0.97, 

respectively. 

Economic figures significantly change between LDS and MDS applications, with a major switch in the 

cost contribution of power and capacity equipment. Turbines and compressors now represent 8-17% 

of the total investment cost for most TMES, while 80-90% is associated with capacity equipment (i.e. 

vessels and TES) – the only exception is CES, where large volumes for the CO2 pressure vessel result in 

prohibitively high specific costs. Such variations contribute to making PTES and other TMES concepts 

based on Brayton cycles more competitive at LDS. 

 

Figure 84: Power and energy-specific cost values (left) and their variation with device characteristic parameters (right) for the TMES 

technologies investigated at 200 h duration. 

Among the novel TMES solutions based on thermochemical TES, the use of CaO hydration/dehydration 

seems very well suited for LDS. TES compactness, cheap storage medium and liquid H2O storage at 

ambient conditions concur in HES achieving the lowest investment with respect to OES and CES. Future 

device improvement would result in up to 20% roundtrip efficiency and further cut costs to 3235 
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USD/kW and 16 USD/kWh, which is less than the estimates for ACAES. The use of oxidation/reduction 

reactions in OES, although reaching higher values of roundtrip efficiency, appears more expensive than 

CES and, for LDS, also than PTES. However, this is associated with using a pressurised vessel for TES in 

the direct heat transfer reactor investigated. The very high storage density of OES results in a storage 

volume of only ~94000 m3. For reference, HES requires an overall ~494000 m3. A different system 

layout could be though for OES, with indirect heat transfer in the reactor to avoid pressurisation. The 

estimation of storage costs in this case (which neglects the marginal cost contribution from the 

additional heat exchanger at long durations and the lower effectiveness of indirect heat transfer) is 

142.5 k£, i.e. only 32% of the required investment for a pressurised vessel. This more than halves the 

investment costs, to 2473 £/kW and 12 £/kWh for the indirect OES: the lowest values in this study. 

7.5 Discussion 

Techno-economic results agree with the literature in presenting ACAES and LAES as currently the most 

economically viable options for MDS, with PTES becoming competitive through advancement in 

component performance. Among the TCES options, only OES can reach power costs close to 1000 £/kW 

and capacity-specific cost ~150 £/kWh, with roundtrip efficiency not above 30% but very high energy 

density. Different is the picture at LDS, where HES becomes the second cheapest storage solution and 

significantly better than PTES and LAES, with ~13 £/kWh energy cost. These results demonstrate 

significant changes in the relative performance and cost ranking between alternative TMES concepts, 

depending on the target storage duration. The following sections explore the sources of those changes 

and give an outlook on TMES application at LDS. 

7.5.1 Effect of capacity on storage techno-economic metrics 

Technical performance indicators for 8, 50 and 200 h storage duration are visualised in Figure 85, while 

Figure 86 shows the power and capacity cost evolution with different durations up to 200 h. As noted 

in Section 7.4.3, the technical performance variations between MDS and LDS in Figure 85 should be 

attributed to standing losses during prolonged idle periods. ACAES efficiency drops from 71.3 to 67.7%, 

while values for PTES decrease more in relative terms, from 27.9 to 24.4%, because more heat is stored 

(and thus subject to losses) per unit power output, as measured by 𝜒𝑡ℎ. However, idle times mostly 

affect LAES operation, as liquid yield decreases due to less cold recycle available, from 79 to 45%, 

resulting in a roundtrip efficiency drop to 32.9%. LAES energy density decreases accordingly, from 23 

to 17 kWh/m3. 
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Figure 85: Technical performance indicators for the TMES technologies and their evolution with different storage capacities. 

Whereas power cost in the left-hand plot of Figure 86 only increases at longer durations, capacity costs 

on the right-hand side decrease sharply initially and eventually reach an asymptote once the increase 

in investment costs varies linearly with storage capacity. Depending on the specific TMES technology 

and its cost structure, the extent to which 𝐸𝐶  decreases and the duration to reach asymptotic 

behaviour are different in Figure 86. HES is the most expensive TMES option below 10 h duration, but 

it notably becomes the second cheapest solution above 100 h and approaches ACAES with the lowest 

energy costs at 200 h. The high (45%) share of power-related CAPEX at 200 h, means additional cost 

reduction can be achieved by further extending HES capacity above this threshold, as demonstrated 

by the slope in the figure detail. PTES becomes more economically viable than OES above 150 h. 

 

Figure 86: Power (left) and energy (right) specific cost for the TMES technologies and their evolution with different storage capacities. 

Overall, technical and economic results display significant variations when transitioning from durations 

typically associated with MDS to the LDS domain, as reflected in the spider plots of Figure 87. The 

largest variations are associated with costs. Although the extent is ultimately technology-dependent, 

deviations are significant, e.g. cost metrics can reduce to one quarter or less between applications at 

10 and 50 h. Especially for technologies such as TMES, normally investigated for daily cycling, the use 

of well-established performance and cost metrics may hinder their application for longer storage 
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scales. However, these results demonstrate different TMES technologies are best suited for the 

application in different subdomains of MDS and LDS duration regions. 

 

Figure 87: Different techno-economic performance indicators for the investigated thermo-mechanical energy storage technologies at 8 h 

and 200 h storage duration. 

7.5.2 Benchmark with incumbent storage technologies and target design space 

LCOS results computed for TMES are overlaid, in Figure 88, with those of incumbent technologies that 

are suited for daily and monthly cycles, namely Li-ion batteries and power-to-H2-to-power [314]. For 

daily cycling, a crossover point exists above which LAES and CAES become more cost-effective than Li-

ion batteries. In the present analysis, this happens around 2-4 h duration, for a 100 MWe power output. 

Although several Li-ion battery projects are in operation worldwide with a duration above 10 h [335], 

at sufficiently large scales and above 4 h duration TMES should be preferred instead. Novel TMES based 

on thermochemical TES are less attractive on LCOS basis, both for daily and monthly cycling, as 

penalised by the low roundtrip efficiency. Yet, this analysis indicates that under selected duration 

range TMES outperforms storage alternatives. 4-150 h can be recommended as the ideal scope where 

TMES offer the most cost-effective storage solution. Synthetic fuels should be preferred at longer 

storage duration and technologies with lower power costs – like batteries – below 4 h. Selecting the 

best storage solution ensures lower investment requirements for the energy transition. 
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Figure 88: Levelised cost of storage (LCOS) for the TMES concepts investigated under daily and monthly cycles. 

To conclude, Figure 89 benchmarks TMES solutions against the target design space for LDS applications 

for a baseline case (0.85 machine efficiency and 0.92 heat exchanger effectiveness) and a best case 

(0.95 and 0.97, respectively), at 200 h capacity. The cost range for incumbent LDS solutions from [314] 

is also reported, together with the cost targets from [176], i.e. 20 $/kWh, to result in 10% lower system 

adaptation cost (solid black line) and 10 $/kWh, to start displacing firm generators (dashed black line). 

 

Figure 89: Target design space for long-duration storage: thermos-mechanical energy storage concepts and other storage options. 

Cost estimations for TMES are consistent with the range for pumped hydro energy storage, but without 

geographical restriction to the deployment of most TMES solutions. Results show that, even under the 

baseline case assuming current device performance, ACAES can already provide the required LDS 

services at the target costs. However, under future technological development also PTES and HES are 

predicted to achieve costs below 20 $/kWh, with HES becoming the cheapest TMES solution for LDS 

and competitive with power to H2 to power pathways at ~14 $/kWh. OES can reach the same or even 

better economic values than HES if the thermal energy storage can be indirectly coupled to the process 

via an intermediate heat transfer step, thus removing the need for a pressurised vessel. 
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7.6 Conclusion and outlook 

Results in the literature and so far in this thesis have looked at LAES and TMES for day and intra-day 

balancing. In this chapter, LDS application is explored. Alongside ACAES, LAES, and Brayton PTES, three 

novel TMES concepts are evaluated, which exploit recent developments in thermochemical energy 

storage for the TMES field. Thermodynamic models are used to predict storage techno-economic 

performance, its evolution with storage duration, and future compliance with LDS design targets. The 

study explores a limited yet representative subset of the possible TMES system design, so, besides a 

cross-comparison of the traditional and novel TMES concepts considered, new evidence on the current 

and future pathways for TMES application as LDS is provided. 

 

Results agree with the literature showing ACAES and LAES as the most viable solutions for MDS, due to 

high roundtrip efficiency (71% and 53%) and the lowest specific cost (480 £/kW, 755 £/kW). ACAES, in 

particular, remains techno-economically the best option for both MDS and LDS applications. However, 

since geographical constraints limit its deployment, novel TMES based on thermochemical energy 

storage provide comparable cost per unit capacity. Whether concepts using Brayton cycles are 

currently less financially attractive for MDS due to high power equipment costs, this chapter proves 

they could become competitive under component technical advancements, which are particularly 

sensitive to. 

 

Additionally, the present study shows that TMES already meets the cost targets for LDS. Novel TMES 

concepts based on reversible CaO hydration/dehydration or oxidation/reduction emerge as promising 

for LDS applications, ensuring loss-free thermal storage at a very marginal capacity cost. Notably, under 

the proposed advancements at material, device and system scale, these two concepts are expected to 

become cost-competitive with long-duration solutions such as power-to-H2-to-power at below 15 

$/kWh and be valuable assets in bringing relief to the balancing needs of future low-carbon energy 

systems. 

7.6.1 Chapter relevance within this thesis 

This chapter addresses the research objective O4, by assessing both traditional and novel TMES 

concepts for LDS applications, which are deemed vital for the operation of highly decarbonised future 

energy systems. Two promising concepts, HES and OES, are individuated, along with the research 

strategies and associated development needs required to make them competitive. Additionally, the 

identification of TMES value in the LDS domain is necessary to guide future technology selection/cost 

assumptions in system modelling. The contributions to the existing body of literature are: 

 

• Proposal and assessment of two novel TMES concepts based on CaO carbonation and 

hydration reactions 

• Techno-economic assessment and cross-comparison of established and novel TMES concepts, 

both for medium- and long-duration storage applications 

• Identification of promising research strategies for future improvement of TMES performance 

for LDS, with an estimation of the associated reduction in storage costs. 
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Adding to the results in Chapter 4, Chapter 5 and Chapter 6, targeting LAES, this final chapter focuses 

broadly on TMES concepts. Opportunities for TMES uptake and clear strategies for future technological 

development are pointed out, thus complementing and concluding the research work in this thesis. 

Key outcomes and recommendations for future research work are now reported in the Conclusion. 
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CHAPTER 8 
 

Conclusion and future work 

8.1 Thesis summary and contributions 

Several energy storage technologies are currently available and capable of providing the flexibility 

necessary to accommodate large shares of renewables, increase efficiency and reduce losses in the 

energy system, thus supporting decarbonisation plans towards net-zero. Among them, this work 

targets the so-called thermo-mechanical energy storage, which is well suited for the medium-duration 

storage segment up to 12 h duration, exhibits efficiencies above 60%, energy density of 10s kWh/m3, 

specific costs in the low 100s $/kWh and no geographical restrictions. The applications and strategies 

to integrate LAES and other TMES in future low-carbon power systems are investigated. Process- and 

system-scale considerations are merged into a comprehensive assessment of TMES that seeks an 

accurate representation of storage behaviour and, from there, a more representative description of 

storage potential and limitations. The presented results address each one of the research objectives 

formulated in the Introduction as summarised hereafter. 

 

O1 To characterise and techno-economically evaluate the operation of LAES under real-life 

conditions 

 

A sophisticated LAES model was developed to link device to system performance during plant 

operation, capturing the off-design behaviour of all the main plant components. It was run under three 

operating strategies suitable for LAES, which are representative of different combinations of energy 

balancing and reserve services. Although disregarding LAES power input variations and in the absence 

of field tests, results contribute to the existing body of literature by: i) clarifying the effect of different 

balancing services supply on LAES techno-economic performance on the basis of off-design component 

and system operation; ii) proposing a regulation strategy for LAES, aimed at limiting the observed 

roundtrip efficiency reduction of up to 17 percentage points; and iii) highlighting up to 30-35% 

reduction in LAES economic value, to be contained by future off-design performance improvements. 
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O2 To identify pathways for LAES value maximisation as part of the power system 

 

A MILP optimisation tool was developed to optimise LAES dispatch over multiple energy and reserve 

services. Model formulation includes both the constraints imposed by the power system on service 

provision and storage restrictions in the form of thermodynamic characteristics. The model was used 

to explore the multi-service LAES operation, the guidelines for optimising its size under different 

portfolios of balancing services and the impact of accurate storage modelling on its resulting value. 

Results provide new understanding of: i) how disregarding LAES thermodynamic limitations leads to 

infeasible storage scheduling, especially for multi-service provision, and up to 11% lost revenue (2.36 

£/kW each year); ii) how different charge/discharge size criteria decrease LAES payback time, 

depending on the portfolio of services provided; and iii) how power allocation to a portfolio of 

balancing services can enhance the value and lead to payback time below 20 years for a standalone 

LAES. Expansion of the proposed optimisation framework to include other energy generation assets 

and flexibility options for power system simulations would be advisable. 

 

O3 To techno-economically assess the opportunities and limitations for multi-energy provision from 

LAES 

 

A thermodynamic model for LAES was developed to understand the underlying phenomena affecting 

plant performance when different output levels, not only of electricity but also heating and cooling, 

are extracted from LAES. Such model was reduced and included in a system-integration assessment, 

where the economic benefit of multi-energy LAES operation compared to the traditional electrical 

storage only was evaluated for two district sizes and different operating strategies. Results 

complement the existing assessment of LAES as electrical storage by: i) showing the potential to 

increase plant energy efficiency above 75% with multi-energy output; and ii) deriving multi-energy 

capability maps that show the feasible region of power and thermal output for LAES. Although a 

techno-economic assessment of other storage/generation solutions at district scale is ultimately 

needed to determine the best solution, heat provision can lead to 12% cost savings compared to a 

purely electrical LAES; cold provision should be limited to periods of simultaneous heat demand or 

high cooling prices. 

 

O4 To assess selected TMES concepts for long-duration storage applications 

 

Individual models for six TMES technologies, including traditional as well as novel options based on 

thermochemical energy storage, were built to predict system performance and investment costs. Their 

results were used to cross-compare the performance of the investigated technologies for both 

medium- and long-duration storage and benchmark against the intended design space for LDS, 

evaluating the impact of future developments through sensitivity analysis. Despite the simplified 

analysis, clear directions to progress TMES research are highlighted by: i) showing TMES already fits 

the target cost for LDS of 20 $/kWh; ii) highlighting TMES based on thermochemical energy storage 

can achieve low losses and the best economic performance above 100 h capacity; and iii) 

demonstrating research is needed to advance TMES solutions based on reversible oxidation or 

hydration reactions, with the potential to achieve costs below 15 $/kWh, i.e. aligned with those for H2. 
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8.2 Perspectives and recommendations for future work 

The results presented in this thesis have addressed some research questions on TMES but opened 

others. More work is needed to advance the TMES field and support its future uptake. In particular, a 

broader understanding of TMES potential, challenges and limitations in relation to alternative 

flexibility options and case-dependent considerations is required. Based on the learnings from this 

thesis, the following research pathways seem particularly relevant: 

 

• Dynamic modelling of TMES, focussing on predicting plant start-up/shut-down periods, ramp 

rates and load modulation, with validation against field tests, where available. Given the 

confirmed financial value of multi-service operation, such analysis will support market service 

definition with a rigorous assessment of the capability of different TMES options to cope with 

response times specifications of different services and access the associated revenue streams. 

It will also enable comparison with other storage/generating assets and inclusion of further 

technical details into system-scale assessments. 

 

• LAES and other TMES assessment in generation expansion planning problems, including 

thermodynamic characteristics and in conjunction with different storage technologies. Given 

the suitability of TMES for medium-duration storage, a mix of storage technologies with 

diverse durations is likely to result in the most cost-effective transition. A rigorous evaluation 

of the optimal power and capacity of each technology will minimise energy system investment 

and operation costs to support the net-zero transition. 

 

• Extension of the developed model reduction framework and derivation of multi-energy 

capability maps for other TMES. Particularly for PTES, the large amounts of thermal energy 

stored and the associated temperature range make external heating and cooling provision 

relevant. Exploiting such a promising pathway toward industrial decarbonisation requires 

studies accounting for plant operational limitations, in comparison with alternative 

technologies. 

 

• Techno-economic assessment of hybrid TMES concepts aimed at increasing the number of 

services to be provided. As demonstrated for LAES, the presence of TES in the system opens 

up several avenues for efficient TMES plant hybridisation, where applications are not limited 

to the power system, but potentially extend to thermal energy management. The aggregation 

of different energy storage technologies or storage as a retrofit to generation solutions may 

lead to favourable business opportunities. 

 

• Layout improvement and detailed system modelling of HES and OES concepts using, 

respectively, metal hydroxides and oxides for long-duration storage applications. Technical 

advancement should pursue the limitation of pressures along OES system, increase machine 

performance and thermochemical reaction conversion efficiency for both concepts. 

Alternative metal oxides should also be evaluated for thermochemical storage in HES and OES. 
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Appendices 

Appendix A: relevant studies on standalone and hybrid LAES 

In the following, Table A 1 and Table A 2 summarise the most relevant studies on, respectively, 

standalone and hybrid LAES to date. 
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Table A 1: Summary of the most relevant studies on standalone LAES. 

Reference 

Standalone LAES plant description 
Metho
dology 

p levels [bar] 
Specific work 

[kJ/kg] 
𝜼𝑹𝑻*

* 
[%] 

ECO 
value 

Findings Notes 

AL PRU Hot/cold recycle 
Cap 

[MWh] 
AL PRU AL PRU 

Guizzi et al. 
2015 [98] 

Linde Rankine 

H: thermal oil - 2 
tanks 
C: propane and 
methanol - 2 tanks 

N.A. TD 181 65 787* 
428.

2 
54.4 N.A. 

Link parameters-performance 
Optimal charging pressure 

Specific analysis 

Morgan et al. 
2015 [185] 

Claude Rankine C: air - packed bed 2.5 EXP 12 56 1560* 125* 8 N.A. 
Fully integrated LAES proven 
32% higher efficiency with 
cold recycle 

Experimental 
51% cold recycled 

Morgan et al. 
2015 [97] 

Kapitza 
14.2* MW 

Rankine 
20 MW 

H: N.A. 
C: air - packed bed 

80 
TD 

ECO 
56.2 190 708.5* 333* 47.0 

995-
1774 
£/kW 

150-100 
£/MWh 

Liquefier optimisation 
necessary 

Cold store design 

Xue et al. 
2015 [336] 

Linde Rankine 
H: N.A. 
C: air - regenerator 

N.A. TD 140 70 N.A. N.A. 49.0 N.A. 
Benefit from improved 
component efficiency 

Simultaneous 
charge/discharge 

Guo et al. 
2016 [94] 

Linde 
Rankine 
10 MW 

H: thermal oil - 2 
tanks 
C: air - regenerator 

10 TD 120 95 584.6* 394* 67.4 N.A. 
Liquid expander brings 7 
points 휂𝑅𝑇 increase 
Energy density 18 times CAES 

High-pressure 
vessel 

Hamdy et al. 
2017 [119] 

Heylandt 
12.5* MW 

Rankine 
10 MW 

H: water 
C: R218 and methanol 
- 2 tanks 

40 TD 180 150 1062* 429 40.4 N.A. 
Indirect ORC for PRU increases 
output but 16.4% efficiency 

Hybrid LAES 
concept 

Sciacovelli et 
al. 2017 
[106] 

Kapitza 
70 MW 

Rankine 
100 MW 

H: thermal oil - 2 
tanks 
C: air - packed bed 

300 TD 185 75 978 472 48.3 N.A. Cyclic LAES operation needed 
Dynamic packed 
bed model 

She et al. 
2017 [126] 

Linde 
95 MW 

Rankine 
48 MW 

H: thermal oil - 2 
tanks 
C: propane and 
methanol - 2 tanks 

N.A. TD 90 120 872* 440* 50.0 N.A. 
Up to 40% compression heat is 
wasted 

No losses from 
cold TES 

Xie et al. 
2018 [103] 

Linde Rankine 
H: N.A. - 2 tanks 
C: N.A. - regenerator 

N.A. TD 80 70 996* 458* 46.0 N.A. 
Pressure effect on charge and 
discharge performance 

Extensive 
sensitivity 
analysis 

Sciacovelli et 
al. [112] 

Claude Rankine C: air - packed bed 2.5 EXP 12.2 46 N.A. N.A. N.A. N.A. 
Stable output over 3 setpoints 
Process variables evolution 

Experimental 
LAES discharge 

Peng et al. 
2018 [121] 

Linde Rankine 
H: air - packed bed 
C: air - packed bed 

5.6 TD 121 50 818* 462* 56.3 N.A. 

Lower efficiency than CAES 
but 10 times higher energy 
density 
Scale above 100 MW 

Comparison with 
A-CAES 
Dynamic hot TES 
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Peng et al. 
2018 [101] 

Linde Rankine 

H: thermal oil - 2 
tanks 
C: propane and 
methanol - 2 tanks 

N.A. TD 140 80 731.9 
434.

7 
59.4 N.A. 

Lost cold recycle 7 times more 
impact than lost hot 

No losses from 
cold TES 

Tafone et al. 
2018 [108] 

Kapitza 
Rankine 
10 MW 

H: Therminol 66 - 2 
tanks 
C: air 

N.A. TD 110 180 874.8 
421.

8 
48.2 N.A. 

System improvement by 
layout and waste heat 
recovery 

8 bar pressurised 
vessel 
55% waste heat 
recovery 

Georgiou et 
al. 2018 
[139] 

Claude 
Rankine 
12 MW 

H: N.A. 
Cd: N.A. 

50 
TD 

ECO 
170 N.A. N.A. N.A. 31.5 

1.4-2.8 
k$/kW 

Better economy than PTES (at 
large power especially) 

3 costing 
approaches 

Kim et al. 
2019 [133] 

Linde 
51.5 MW 

Rankine 
100 MW 

H: N.A. - 2 tanks 
C: N.A. - 2 tanks 

200 TD 120 N.A. N.A. N.A. 64.7 N.A. 
Pressurised LAES with 9 points 
efficiency increase 

Pressurised 
vessel, 45 bar 

Lin et al. 
2019 [337] 

Kapitza 
16.7 MW 

Rankine 
9.9 MW 

H: thermal oil - 2 
tanks 
C: air - 2 T level 
packed bed 

N.A. TD 120 87.7 604* 359* 59.4 N.A. 
Efficiency increases to 65% if 
storage at 9 bar 

Sensitivity on 
vessel pressure 

Hamdy et al. 
2019 [142] 

Heylandt 
107* MW 

Rankine 
100 MW 

H: pressurised water - 
2 tanks 
C: R218 and methanol 
- 2 tanks 

400 
TD 

ECO 
120 160 994* 465* 46.8 

2087 
€/kW 

60% investment cost 
maintaining efficiency above 
40% 

Trade-off 
efficiency vs 
investment cost 

Legrand et al. 
2019 [100] 

Kapitza 
72.5 MW 

Rankine 
100 MW 

H: thermal oil - 2 
tanks 
C: air - packed bed 

300 TD 180 75 1068* 552 51.2 N.A. 
52% efficiency with detailed 
modelling, 235 Wh/L 

Dynamic cold 
regenerator 

Guo et al. 
2020 [99] 

Multiple 
19.5* MW 

Rankine 
9.8* MW 

H: N.A. - 2 tanks 
C: air - 2 T level 
packed bed 

79 
TD 

ECO 
70 57.4 703* 433* 61.6 

Depends 
on site 

107 kWh/m3 
Claude less sensitive to TES 
efficiency 

Extensive 
sensitivity 
analysis 

Abbreviations: AL: air liquefaction, PRU: power recovery unit, Cap: capacity, H: hot, C: cold, TD: thermodynamic, ECO: economic, EXP: experimental 

* Computed by the authors based on available data 

** Value indicated in the referenced publication - Results from the unifying methodology proposed in this review are reported separately 
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Table A 2: Summary of the most relevant studies dealing with hybrid LAES. 

Reference Hybrid LAES layout 
Methodo

logy 
Advantages 

𝜼𝑹𝑻* 
[%] 

ECO 
value 

Findings Notes 

Li et al. 2011 
[338] 

Open LA power cycle + 
closed CH4 Brayton 

TD 
Peak shaving opportunity 
Cryogenic CO2 capture 

54.0 N.A. Peaker size could be halved 
Peaker operation 
Conversion coefficient for ASU 

Li et al. 2012 
[339] 

Open LA power cycle + 
closed solar Brayton 

TD, SQP 
opt 

Peak shaving opportunity 
No combustion 

N.A. N.A. 
Above 30% higher power than 
separate sub-systems 

Peaker operation Conversion 
coefficient for ASU 

Li et al. 2013 
[145] 

Open LA power cycle + 
closed oxyfuel Brayton 

TD, ECO, 
GA opt 

Peak shaving opportunity 
Cryogenic CO2 capture 

N.A. 
0.08-0.17 

$/kWh peak 
generation 

Competitive cost with CCGT 
Liquid gas from ASU can be sold 

ASU constantly run 
Conversion coefficient for ASU 

Li et al. 2014 
[129] 

LAES + nuclear power 
plant 

TD Nuclear power plant flexibility 70.0 N.A. 
Peak power delivered increases by a 
factor 3 

Storage capabilities 
Thermal input at 560 K 

Kantharaj et al. 
2015 [340] 

Co-designed LAES-
CAES 

TD 
No geographical constraints 
Large capacity 

N.A. N.A. 
Conversion compressed-liquid air: 
62% forward, 67% backwards 

Not economic unless charging 
above 36h 

Lee et al. 2017 
[95] 

Co-designed LAES-LNG TD 
Fully integrated system 
No air recirculation in AL 

172.0 N.A. High exergy efficiency Vessel pressure 200 bar 

Al-Zareer et al. 
2017 [132] 

LAES + absorption 
chiller + CH4 
combustion 

TD 
Full use of compression heat 
Multi-vector output 

72.0 N.A. 
Technically feasible 
Efficiency depends on cooling 
temperature 

Detailed modelling of absorption 
cycle 

Luyao et al. 
2017 [341] 

LAES + LNG + ORC TD 
Low power input and extra power 
output 

60.0 N.A. 
Higher system performance from 
integration 

Results dependence on LNG 
provision 

Borri et al. 
2017 [111] 

LAES + absorption 
chiller 

TD 
Chiller supports AL 
Direct use of compression heat 

N.A. N.A. 
10% lower liquefaction work 
Higher exergy efficiency 

Study of Kapitza liquefaction 
process alone 

She et al. 2017 
[126] 

LAES + ORC TD, ECO Better use of compression heat 55.5 
PBT below 3 

years 
ORC bottoming cycle gives 9-12% 
휂𝑅𝑇 improvement and short PBT 

Economic study on ORC addition 
only 

Ji et al. 2017 
[342] 

LAES + solar TD 
Higher reheating temperature with 
no combustion 

45.0 N.A. 
Feasible system 
Reasonable efficiency 

Compression heat not recycled 
TES for solar needed 

Kim et al. 2018 
[141] 

LAES + LNG + CH4 
combustion 

TD, ECO 
Simultaneous power generation 
from LNG and air 

72.0 1300 $/kW 
High efficiency 
Similar economic value to CAES 

Regenerator to recover LNG cold 

Peng et al. 
2018 [101] 

LAES + ORC + 
absorption chiller 

TD Full use of compression heat 61.3 N.A. 
High heat usage 
ORC alone has higher efficiency 

System complexity 

Zhang et al. 
2018 [343] 

LAES + LNG + 
multistage ORC 

TD 
LNG assists liquefaction 
Evaporation cold partially used for 
power production 

45.4 N.A. 
High efficiency and energy density 
Pressures are key parameters 

System complexity 

Farres-Antunez 
et al. 2018 [24] 

Co-designed LAES-
PTES 

TD 
Cold TES in LAES and PTES not 
necessary 
Simultaneous charge/discharge 

70.0 N.A. 
High energy density 
Layout optimisation opportunities 

Full liquefaction in the cryoturbine 

Krawczyk et al. 
2018 [127] 

LAES + CH4 
combustion 

TD 
Higher specific work output 
Large plant: 271.5 MW 

55.2 N.A. Specific work output 905 kJ/kg 
Comparison with CAES 
Compression heat not recycled 

Tafone et al. 
2018 [108] 

LAES + ORC TD Full use of compression heat 54.4 N.A. 
Improvement in 휂𝑅𝑇 and waste heat 
utilisation 

85% use of compression heat 

Tafone et al. 
2018 [108] 

LAES + ORC + 
absorption chiller 

TD 
Full use of compression heat 
Multi-vector output 

54.4 N.A. Unchanged 휂𝑅𝑇 90% use of compression heat 
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30% higher energy output if 
trigenerative 

Cetin et al. 
2019 [27] 

Co-designed LAES-
geothermal 

TD 
Reduced geothermal losses 
Fully dispatchable plant 

46.0 N.A. 
Full system efficiency 24% 
Flash pressure to be optimised 

Compression heat not recycled 

Zhang et al. 
2019 [123] 

LAES + Kalina cycle TD 
Better temperature match in the 
ORC evaporator 

57.0 N.A. 
휂𝑅𝑇 from 52% to 57% 
55%-75% heat utilisation 

80 bar charge pressure 40 bar 
discharge 
Multi-level hot TES 

Lee et al. 2019 
[96] 

Co-designed 
LAES-LNG 

TD, 
SRQPD 

opt 

Fully integrated system 
No air recirculation in AL 

130.0 N.A. 
Feasible system 
Air can be fully liquefied 

Reduced pressures from initial 
layout 

Peng et al. 
2019 [88] 

LAES + LNG TD 
Independent operation of LAES and 
LNG through cold storage 

78.0 N.A. 
High liquid yield and 휂𝑅𝑇 between 
78% and 89% 
Effect of ambient temperature 

Year-round performance estimates 

She et al. 2019 
[344] 

LAES + LNG + N2 
power cycle 

TD 
LAES and LNG operate 
simultaneously 
LNG as sink for N2 cycle 

72.0 N.A. 
Roundtrip comparable with large 
storage solutions 

Effect of Brayton outlet pressure 
studied 

Lee et al. 2019 
[130] 

Co-designed 
LAES-LNG + ORC 

TD, ECO 
Full use of LNG evaporation cold 
through ORC 

N.A. NPV 8-32 M$ 
High exergy and energy efficiency 
Low cost 

70% exergy efficiency 

Zhang et al. 
2020 [136] 

LAES + ORC and LAES 
+ Kalina cycle 

TD Cascaded hot recycle 57.0 N.A. 
ORC and Kalina cycle perform 
similarly but ORC is less complex 

Alternative bottoming cycles 
compared 

Wu et al. 2020 
[345] 

LAES + TCES TD, ECO 
High temperatures 
High energy density 

47.4 2130 $/kW 
36.8 kWh/m3 
Higher 휂𝑅𝑇than TCES 
Similar techno-economics to LAES 

Compression heat not recycled 
Discharge at 850 °C 

Park et al. 2020 
[144] 

Co-designed 
LAES-LNG 

TD, ECO 
Independent operation of LAES and 
LNG through cold storage 

85.1 2680 $/kW 
0.37 kW/kg LNG, high capacity 
8.7-11.7% peak power contribution 
in the case study 

Efficiency depends on assumptions 
on LNG use 

Qi et al. 2020 
[147] 

Co-designed 
LAES-LNG + ORC 

TD, ECO 
Flexible operation with target 
efficiency or power output 

129.2 N.A. 
85.7-94.8 kJ/kg LNG 
Adjustable power output to support 
grid 

Compression heat not recycled 

Wang et al. 
2020 [131] 

LAES + O2 production 
+ heating 

TD, ECO 
Multifunctional LAES 
Adaptability to operating scenario 

39.0 3000 $/MW 
Economic value 114-153% higher 
despite lower efficiency 
45.7% hot recycle for heating 

1-D, transient absorber bed model 
for ASU 

Gao et al. 2020 
[137] 

Trigenerative LAES TD, ECO 
Multi-vector output 
Support to external thermal load 

45.7 
PBT about 5 

years 

Techno and financial feasibility 
Case-dependent results based on 
the integration 

Seasonal operating modes 
Cooling from turbine outlet 

Cetin et al. 
2020 [346] 

Co-designed LAES-
geothermal + ORC 

TD 
Reduced geothermal losses 
Fully dispatchable plant 
Use of evaporation cold 

28.4 N.A. 
Higher geothermal temperature 
decreases efficiency 

Compression heat not recycled 
No cold recycle 

He et al. 2020 
[347] 

LAES + LNG 
regassification + ORC + 
cooling 

TD 
Cascade cold recycle 
Cooling capability 

142.0 N.A. 
217 kW of cooling alongside 103.3 
kW power output 
Higher efficiency by 19 points 

ORC fluid composition is optimised 
for maximum power output 

Nabat et al. 
2020 [348] 

LAES + ORC + 
thermoelectric device 
+ DHW 

TD, ECO 
Diversified output 
Limited losses 

61.1 
3.91 years PBT, 

18.6 M$ life 
revenues 

Besides 96 MW electricity, 2.5 kg/s 
DHW produced 
104 MJ/m3 density 

Charge pressure is critical, optimal 
value at 146 MPa 
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She et al. 2020 
[138] 

LAES + absorption 
chiller + heating + 
DHW 

TD 
Full use of compression heat 
Multi-vector output 

55.0 N.A. 
Low charge pressure increases 
available heat 
Energy efficiency up to 76% 

Small scale system: 1 MW and 8h 

Abbreviations: LA: liquid air, AL: air liquefaction, TCES: Thermochemical energy storage, DHW: domestic hot water, TD: thermodynamic, ECO: economic, SQP: sequential quadratic 

programming, GA: genetic algorithm, SRQPD: successive reduced quadratic programming, opt: optimisation 
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