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Abstract

A liquid air energy storage (LAES) system is a promising Carnot battery configuration capable of effi-
ciently recovering waste heat and cold energy carriers. Among these, liquid hydrogen (LH-) regasification
presents temperature, which aligns well with the liquid air liquefaction process. While most existing studies
focus on integrating LAES with liquid natural gas (LNG) regasification or improving hydrogen liquefaction
via liquid air regasification, this work takes a novel approach by enhancing liquid air liquefaction through
the utilization of waste cold from LH: regasification. Additionally, this study explores an economic
innovation—the valorization of clean dry air discharged by LAES, which has not been extensively
examined in prior literature. A novel LAES configuration is proposed and subjected to a techno-economic
analysis, comparing its performance with a stand-alone LAES system. Results show that the proposed
integration increases round-trip efficiency by 15%, reduces the levelized cost of storage by 60%, and
achieves a payback period of under 10 years. These findings provide valuable insights for both academia
and industry, advancing the development of more efficient and economically viable LAES systems.
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Highlights

e A novel LAES system aiming to efficiently recover the waste cold from liquid hydrogen
regasification is investigated.

e (Clean dry air commodity is introduced as a novel potential revenue for LAES.

e A comprehensive techno-economic optimization is carried out.

o The novel solution effectively improves the round-trip efficiency by 15 %.

e The levelized cost of storage is significantly decreased by 60 %.


mailto:alessio.tafone@tum-create.edu.sg
https://tobias-massier.net/publications/download/Tafone_LiquidAirEnergy_2025.pdf
https://tobias-massier.net/publications/download/Tafone_LiquidAirEnergy_2025.pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.est.2025.117763

Nomenclature

C Capacity rate [W/K] RTE Round-trip efficiency
Cp Specific heat capacity [kJ/kg K] sC Specific consumption
D TES internal diameter [m] SH Superheater

h Enthalpy [kJ/kg] SHM Sensible heat material
hy Volumetric heat transfer coefficient [W/m’K]  SIC Specific investment cost [USD/kW.]
H TES height [m] SP Size parameter [m]

k Thermal conductivity [W/m K] TES Thermal Energy Storage
L Latent heat [kJ/kg] VR Volumetric ratio [-]
m Mass flow rate [kg/s] WHR Waste Heat Recovery
NTU Number of Transfer Units [-] Subscripts

p Pressure [bar] amb ambient

T Temperature [°C] BM Bare Module

U Overall heat transfer coefficient [W/m?K] C Cold

/4 Mechanical Power [kW] ch charge

Acronyms Compr compression

CDA Clean Dry Air d discharge

CRC Cryogenic Rankine Cycle e electric

CT CryoTurbine EVA Evaporator

CTES Cold Thermal Energy Storage G generator

EES Electrical Energy Storage H Hot

ET Electricity tariff [USD/kWhe] I Inverter

HEX Heat exchanger iso isentropic

HGCS High Grade Cold Storage M Motor

HTF Heat transfer fluid max maximum

HGWS High Grade Warm Storage min minimum

LAES Liquid Air Energy Storage poly polytropic

LAS Liquid Air Storage s storage

LCOS Levelised cost of storage T Turbine

LH2 Liquid Hydrogen wf working fluid

LNG Liquefied natural gas Greek Symbols

NPV Net Present Value n Efficiency [-]

PP Pinch Point € Porosity [-]

RES Renewable energy systems eHE Effectiveness [-]

1. Introduction

A clean energy supply and the expansion of electrification are key drivers in transitioning
toward a net-zero emissions energy system [1]. Consequently, electricity—which will serve as the
foundation for future net-zero energy networks—is expected to grow from 20% to 50-70% of
global final energy consumption by 2050 [1], primarily through low-emission sources like solar
and wind power. To support the rising share of renewables and ensure power system flexibility,
the fast-evolving global energy mix will require a diverse set of options, including energy storage
solutions and hydrogen technologies [2,3].

Pumped hydro storage has traditionally been the dominant large-scale, long-duration energy
storage technology due to its low cost, high efficiency, and long lifespan, accounting for 94% of
global bulk energy storage capacity [4]. However, its expansion is highly constrained by
geographical limitations. Large-scale batteries have emerged as an alternative and are rapidly
advancing, yet they still face challenges such as high costs, limited lifespan, and complex
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management requirements [5]. Hydrogen and power-to-X technologies are also considered for
large-scale, long-duration storage, but their performances remain low [6]. Carnot batteries, also
known as thermo-mechanical energy storage, present another promising characteristic for these
applications [5] and include Carnot batteries technologies include pumped thermal electricity
storage (PTES)[7], compressed air energy storage (CAES) [8] and liquid air energy storage
(LAES) [9].

Liquid air energy storage (LAES) has emerged as a promising solution for electrical energy
storage, gaining increasing attention due to its potential benefits. By utilizing air as both the storage
medium and working fluid, LAES offers a cost-effective, high-energy-density, and
environmentally friendly technology, suitable for medium- to large-scale applications without
geographical limitations, unlike pumped hydro or compressed air storage systems [10]. As shown
in Fig. 1, the LAES process involves air liquefaction through a dedicated cryogenic cycle using
electricity in the charging phase, storage phase through a liquid air tank, and then liquid air
compression and regasification to generate power during discharge. Thermal energy storage (TES)
technologies capture the heat from compression and cold energy from evaporation during these
stages, enhancing round-trip efficiency. However, a primary challenge in scaling LAES lies in the
substantial energy required during the liquefaction phase, where air must be compressed at high
pressures to produce an adequate yield of liquid air.

In particular, the recovery processes of the air regasification cold stream and the air compression
heat in the charge and discharge phase, respectively, are crucial to obtain acceptable round-trip
efficiency values, as demonstrated by Aliaga et al. [11]. Thus, the keys to ensuring the high
efficiency of a LAES system are twofold: 1) the recovery, storage and recycling of the high
exergetically valuable cold stream (usually —180 to —150 °C); 2) the recovery, storage and recycle
of the waste heat from air compression (usually 180 to 300 °C), despite only a fraction (55 to 80%)
of the compression waste heat is needed for the discharging phase [12].

Furthermore, due to its thermo-mechanical nature, the system can also efficiently harness waste
heat (to enhance discharging efficiency) and waste cold energy flows (to augment the performance
of the liquefaction process) from different industrial processes [10]. Studies have shown that
properly utilizing the excess waste cold from liquid air regasification by first storing and then
recirculating this highly valuable exergetic flow in the liquefaction plant improves overall energy
efficiency. Indeed, Morgan et al. [13] conducted a pilot-scale study on a LAES system,
demonstrating that the low round-trip efficiency was primarily due to only 51% of the available
waste cold from air regasification being recovered during the charge phase. Sciacovelli et al. [14]
investigated a LAES system incorporating a packed bed to recover waste cold from liquid air
regasification and found that storing cold thermal energy using quartzite rock packed beds
enhances the baseline system's exergy efficiency by approximately 50%. Huttermann and Span
[15] analyzed the impact of different storage materials on the efficiency of a packed bed cold
storage system used in LAES to recover cold energy from liquid air regasification. Their analysis
showed that the packed bed efficiency increases as volumetric heat capacity decreases, with
polypropylene and high-density polyethylene being well-suited as storage materials. Ryu et al.
[16] proposed a novel LAES system using a combination of sensible and latent heat thermal
storage. By storing the cold energy through the low-temperature phase change medium (Tmelting =
-163 °C), a round-trip efficiency of 60.6 % is achieved. Tafone et al. [17,18] considered applying
low-temperature phase change materials (PCMs) to the cold thermal energy storage of LAES, to
obtain higher round-trip efficiency values compared to sensible heat material (SHM) solutions.
Qu et al. [19] proposed a cascaded packed bed to store cold energy through SHMs in different
temperature ranges. It is shown that the cascaded packed bed cryogenic storage scheme is
beneficial to improve the stability and energy efficiency of the system (up to 93 %). In their study,
She et al. [20] proposed a novel Referred-Standard-Volume (RSV) optimization method to
enhance the thermal performance of packed-bed cold thermal energy storage systems used in
cryogenic energy storage. By optimizing the bed volume relative to a standard reference, the study
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demonstrates improvements in efficiency and storage density. This method provides a new
perspective on the design of cryogenic packed beds and contributes to the advancement of cold
thermal energy storage technologies.
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Fig. 1. The working principles of a liquid air energy storage (LAES) system integrating different
waste heat recovery technologies and external heat sources. Adapted from Ref. [21].
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Nevertheless, to partially avoid the investment cost due to the cold thermal energy storage and
also to enhance LAES performance, some studies directly used external cold sources for air
liquefaction support. The most available cold source in industry in this regard is LNG cold energy.
Consequently, the integration of LAES with the LNG regasification process has been extensively
studied since 2017 [22] and thereafter a significant amount of literature works has been published.
She et al. [23] applied the Brayton cycle for integrating LAES into the LNG regasification system.
The core of the authors’ system concept was based on the enhancement of the electricity
production of the discharge phase using the LNG regasification process as a heat sink for the
Brayton cycle. The system integration provides a 56.5 % boost to the round-trip efficiency,
achieving values (up to 70.6 %) comparable to other large scale energy storage technologies.
Conversely, the same authors [24] investigated the potential of waste cold from LNG regasification
to enhance the performance of the air liquefier (i.e. LAES charge phase). The system integration
involves the cold thermal energy storage section where the LNG is regasified and subsequently
provided to the specific user. The authors observed a more enhanced round-trip efficiency
improvement compared to the work of She et al. [23] (yrr= 78-89% vs nrr= 70.6 %). A step
forward toward the effective integration of the valuable waste cold stream from LNG
regasification is provided by the analysis carried out by Park et al. [25]. The authors proposed a
LAES-LNG integration model that showed an outstanding round-trip efficiency of 113% and an
energy capacity of 0.119 kJ/kging. The core of the novelty proposed lies in exploiting the cold
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energy recovery for both charge and discharge performance enhancement. The same authors [26]
further improved their concept achieving a significantly higher round-trip efficiency of 187.4 %.
This was enabled through the effective use of LNG cold energy for air liquefaction and the
utilization of organic Rankine cycles (ORC) and direct expansion process, also enabling flexible
operation depending on the electricity demand. The related economic analysis suggested that the
additional revenue from the regasification service fee provided by the LAES is crucial in the
economic viability of the energy storage system, accounting for approximately 82 % of the total
revenue.

The above literature review suggests a clear benefit of the integration of the LAES system with
the LNG regasification process. However, research on the integration of the liquid hydrogen (LH>)
regasification process in LAES liquefaction plants is almost absent in the existing literature. One
recent work proposed by Kim et al.[27] investigated the techno-economic feasibility of the waste
cold integration by liquid hydrogen regasification with LAES. The study highlighted that,
depending on the LAES configuration adopted, the round-trip efficiency can be augmented up to
150 % with a net present value of 38.61 MUSD. Overall, hydrogen has become a key cornerstone
in the decarbonization scenarios of different countries and worldwide [28]. For instance, aiming
at halving its carbon emissions, Singapore has promoted the adoption of different decarbonization
strategies among which the adoption of hydrogen as key low-carbon fuel for both power and
alternative marine fuels production [29]. Since in the short-medium term large-scale electrolyzer
plants face obstacles like high costs, insufficient standards, and restricted space for renewable
energy installations—especially on a small tropical island like Singapore—importing green
hydrogen emerges as a practical alternative to decrease fossil fuel reliance and reduce carbon
emissions [30]. To this end, Keppel infrastructure partnering with Mitsubishi Power Asia Pacific
planned to develop the first hydrogen fueled 600 MW. cogeneration power plant (Keppel Sakra
Cogen Plant) located in Jurong island, Singapore. The initial plan is to co-fire the power plant with
a 30 % hydrogen blend by 2026 and progressively reach up to 100 % hydrogen as soon as this
energy vector will become a more economically viable solution [31]. This scenario will serve as
the foundation for the authors' investigation of LAES integrated with liquid hydrogen
regasification. Indeed, considering LH> as one of the three most promising technologies for long-
distance hydrogen transportation since it is potentially inexpensive, safe, and easily manageable
[32], this study evaluates the application of a co-located regasification plant for liquid hydrogen.
According to IRENA [30] and Hank et al. [32], the medium-long term scenarios depict liquid
hydrogen as the most cost-effective and safest hydrogen carrier. The LH> concept (Fig. 2) employs
a liquefaction process to obtain liquid hydrogen. The product is transported to potential users via
LH> vessels. During the regasification, LH> is vaporised and H; is released. As highlighted by
Restelli et al. [33], the whole supply chain is highly energy demanding especially during the
liquefaction process and can take up to ~80% of the levelized cost of the whole process for both
present and future scenarios. As a result, efficiently utilizing the waste cold released during the
regasification phase could be a game changer, significantly enhancing the overall efficiency of the
entire supply chain.

Furthermore, this work goes a step further compared to the state of the art by also exploring
other revenue sources beyond price arbitrage for LAES. Indeed, the authors aim to economically
valorise the exhaust stream of air at the outlet of the expansion phase to be used as
compressed/clean dry air (CDA). Noteworthy, industries like semiconductor fabrication facilities
(fabs) use CDA to drive pneumatic components of manufacturing equipment, regulate valve
operations, and sanitize materials and machinery [34]. Production of the CDA requires high-
energy penalty filtering and dehumidifying processes (dew point of =20 °C or even below), making
it one of the highest energy demands in a semiconductor fab, accounting for around 20% of the
total electricity consumption [34]. For humid climates such as Singapore, the electricity
consumption might be even higher than the one reported in literature. Since air purification is
necessary for the air liquefaction process and the moisture and CO> level is considerably low
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[9,35], the dryness and cleanliness of the LAES outlet air, on the other hand, is qualified enough
to serve as the CDA for wafer fabs.
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Fig. 2. Liquid hydrogen supply chain concept.

Therefore, this study proposes an integrated LAES energy system for LH> regasification,
expanding upon existing research primarily focused on LNG integration. While a recent work in
literature introduces the concept of waste cold recovery from LH> regasification [27], this study
advances the field by: 1) investigating the techno-economic feasibility of integration at a
commercial LAES scale; 2) proposing a novel configuration incorporating a cryogenic Rankine
cycle for optimal waste cold utilization during peak demand periods when LAES discharges; 3)
introducing the economic valorization of clean dry air (CDA) discharged by LAES as an additional
revenue stream; and 4) conducting a sensitivity analysis on varying electricity tariffs to assess their
impact on the economic performance of the integrated system. While energy arbitrage is the most
common function of LAES, this study demonstrates its multi-energy and multi-streams capability,
allowing operators to access revenues from LH> regasification service fees and CDA sales, thus
enhancing its economic viability.

The paper presents the following sections. Section 2 concerns the description of the proposed
LAES configurations whereas the methodology and the techno-economic assumptions used to
develop the numerical models are presented in Section 3. In Section 4, the assessment of the
techno-economic results is performed for the different configuration analyzed; Section 5 presents
the main conclusions.

2. System description

The configuration of the stand-alone LAES system taken as reference is presented in Fig. 3
which clearly highlights the different phases of the energy storage system’s operation. A 50
MW,/150 MWhe grid-scale LAES plant, with a power to energy ratio close to that proposed in
[36], was taken as reference for the LAES scale. In the figure, arrows of different colours represent
various flow streams: black solid lines indicate air flow, red solid lines denote thermal oil
circulation for HGWS, and blue lines depict nitrogen flow for HGCS, with solid lines for the
charging phase and dashed lines for the discharge phase.



The system comprises five main processes: 1) charge phase - air liquefaction plant, i) liquid air
storage phase, iii) hot thermal energy storage (high grade warm storage-HGWS), iv) cold thermal
energy storage (high grade cold storage-HGCS) and v) a discharge phase — direct expansion
process.

Aiming to efficiently liquefy the ambient air, the charge phase employs the Kapitza
thermodynamic cycle [37]. It consists of three air-intercooled compression stages driven by the
off-peak electricity, followed by the cold box, a multi-stream heat exchanger that enables the
working fluid to achieve cryogenic temperatures. After the high-pressure air enters the cold box
for cooling, a fraction of the processed air flow expands, produces work in the turbine CT
(generating electricity in the generator set G), and cools down. In this way, the expansion process
leads to a large temperature reduction of the air stream. The other fraction is throttled through a
Joule-Thomson valve to the required storage pressure: the liquid air is therefore extracted from the
phase separator and stored in pressurized tanks. The not-liquefied air (point 13A) is used to cool
down the high pressure stream in the recuperative process in the cold box. The efficiency of the
compression process is directly proportional to the amount of waste heat generated during this
phase: this exergetically valuable stream is recovered through a heat transfer fluid in a dedicated
double-tanks thermal energy storage (HGWS). The discharge phase, activated during the peak
electricity hours, enables the electricity to be fed back into the grid. It involves a liquid air pump
section (cryoP1), an evaporator and a multi-stage reheated expansion train that utilizes the waste
heat stored in the HGWS. To enhance the round-trip efficiency, the waste cold released during the
liquid air evaporation is captured in a packed bed cold thermal energy storage system (HGCS).
This stored cold is later used to cool the incoming air in the cold box in the next cycle, improving
the overall system performance. Nitrogen and therminol 66 are used as heat transfer fluids for the
HGCS and HGWS loops, respectively. More exhaustive descriptions of the stand-alone system
can be found in other authors’ work (Refs[18,38,39]).

The integrated system LAES-LH2-CRC (Fig. 4) perfectly resembles the stand-alone system
regarding the core of the energy storage system, however with a significant difference. In the
figure, green dashed lines indicate hydrogen flow and black dashed lines denote nitrogen as
working fluid for the CRC. The liquid hydrogen is first pumped at the pressure (30 bar) required
by the power plant and subsequently evaporated releasing a high exergetically valuable cold
streams. Depending on the LAES operation phase, this stream will be diverted through a three-
way valve in the different sections of the energy storage plant, as shown in the integration box on
the right side of Fig. 4.

During the charge phase (air liquefaction & waste cold utilization/LH2 regasification), after the
ambient air is purified and dried, it enters the cascade compressor unit C1-C3 to increase its
pressure. The waste heat produced during the compression process is stored by means of a
dedicated hot thermal energy storage (HGWS) using diathermic oil as heat transfer fluid (HTF)
and storage medium. During this period, the waste cold released from the regasification of liquid
hydrogen (LHz), which occurs at an extremely low temperature of ~ -250°C (point 2H in Fig. 4),
1s harnessed to pre-cool and assist the liquefaction of ambient air within the cold box. This process
significantly reduces the energy demand of the air liquefaction cycle by lowering the temperature
of the incoming compressed air before it reaches cryogenic conditions. The integration takes place
through a series of heat exchangers inside the cold box, where the ultra-cold LH2 gas stream
absorbs heat from the high-pressure ambient air, effectively bringing it closer to its liquefaction
point. After being processed by the phase separator, the produced liquid air enters the liquid air
storage tank LA for storage, and the gaseous air returns to the cold box again. During the discharge
phase (Liquid air expansion & waste cold utilization/LH> regasification), the liquid air is
pressurized by the liquid air pump, evaporates in the evaporator, and expands in several stages of
turbines to generate electricity back to the grid. During this period, the waste cold from liquid air
regasification is stored in the cold thermal energy storage (HGCS) and is supplied to the cold box
to support air liquefaction. The waste cold released by the LH> regasification is utilized to further
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enhance the electricity generation by means of a cryogenic Rankine cycle (CRC). The remaining
waste heat available at the outlet of the superheating process represents the heat source of the CRC.
Due to its cryogenic operational temperatures perfectly matching the regasification temperature of
LHo,, its fire extinguisher and its hazardous free capabilities, nitrogen was chosen as the main
working fluid for the CRC. The CDA at the turbine outlet is directly provided to a wafer fab for
its manufacturing processes.
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3. Mathematical models

The technical analysis was carried out by developing and implementing MATLAB R2023b
routines to model the different sections and components of the LAES stand-alone and integrated
system. Notably, all the implemented models were developed in the authors’ previous works. The
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dynamic thermodynamics model developed by Tafone et al. [18] is used to simulate the
performance of the LAES exploiting the waste cold supplied by the LH> regasification process.
The steady-state Rankine cycle model developed by Pili et al. [40], and implemented in Tafone et
al. [41], is used to simulate the cryogenic Rankine cycle exploiting the waste cold potential from
the LH> regasification process. As already introduced in Section 0, for the regasification plant,
LH> is supplied to guarantee a 30% blend of hydrogen into natural gas to the 600 MW advanced
combined cycle gas-turbine (CCGT) power plant developed by Keppel Infrastructure in Singapore
[42]. For the wafer fab, CDA is supplied to save the operational cost of the air purifiers and air
dehumidifiers. The fluids thermo-physical properties were retrieved using Coolprop as open-
source thermodynamic property library [43]. In this study, the CoolProp library was selected due
to its widespread use and established reliability in cryogenic applications. CoolProp provides
thermodynamic properties based on high-fidelity equations of state, including the Helmholtz free
energy formulation, which has been validated against experimental data for cryogenic fluids such
as nitrogen and hydrogen [44]. In order to further demonstrate the accuracy of Coolprop, Refprop
data (one of the most accurate library package for cryogenics, as shown in Son et al. [45]) has been
retrieved from NIST website [46] and compared with the one obtained from Coolprop for the
regasification of liquid hydrogen at the same pressure (30 bar). As shown in Table 1, the results
are quite in good agreement.

Table 1. Coolprop validation against Refprop thermo-physical data.

Parameters Coolprop Refprop Unit A%
Ton -250 -250 °C

D2i 30 30 bar

han 50372 50326 J/kg

Tsn 15 15 °C

D3H 30 30 bar

hsu 3797004 3797000 J/kg

Ahregasification 3746632 3746674 J/kg 0.001%

Furthermore, the following assumptions were made for the thermodynamic analysis:

e The analysis applies a general framework that considers energy and mass conservation
within control volumes encompassing the primary components of LAES, CRC, and
CCGT systems.

The model does not account for pressure losses across the heat exchangers.

Dry air is assumed to be the working fluid and storage medium for the LAES system [47].

Nitrogen is considered the working fluid in the cryogenic Rankine cycle [47].

It 1s assumed that the storage tanks, heat exchangers, and separators are thermally

insulated.

e Therminol 66 and nitrogen are used as heat transfer fluids for HGWS and HGCS,
respectively.

3.1. Turbomachinery devices and cryogenic pump

The performance of turbomachinery devices was modeled using the polytropic efficiency (#,)
to calculate the compression and expansion work of each i-th stage:

. _ mwf,Compr,i(hin,Compr,i - hout,poly,Compr,i)
WCompr,i -

(1)

npoly,Compr,i

WT,L’ = npoly,T,imwf,T,i(hin,T,i - hout,poly,T,i) ()



WCT,i = npoly,CT,imwf,CT,i(hin,CT,i - hout,poly,CT,i) 3)

The polytropic efficiency establishes a thermodynamic correlation between the temperature and
pressure ratios based on the ratio of the isobaric specific heat capacity to the isocoric specific heat

capacity (y):

y-1 1
TCompr,out . <pC0mpr,0ut> Y p,Compr )
TCompr,in pCompr,in
y-1
— MNp,T
TT,out _ <pT,out> 14 (5)
TT,in PT,in

The correlations developed by Wilson [48] are used to compute the polytropic efficiencies based
on the pressure ratios:

(pCompr,out> -1
DPcompr,in 6
Npoly,compr = 0.91 — < ;00 ; ©)
(pT,in ) _ 1
_ PT,out (7)
Npoty,r = 0.90 — BT

A comparable method utilizing a fixed isentropic efficiency [38] is applied to the cryogenic
pump during the discharge phase, ensuring the working fluid is pressurized from the storage level
to the discharge pressure:

. _ mwf,Pump (hin,Pump - hout,iso,Pump)
WPump,i -

(®)

niso,Pump

3.2. Two streams and multi-streams heat exchangers

A traditional e-NTU approach combined with energy balance equation has been applied to the
two-stream heat exchangers in LAES systems, including the intercoolers, evaporator, and
superheaters. By assuming a counterflow configuration, the effectiveness of each heat exchanger
is calculated as:

_ 1—exp[-NTU(1—C")]
& T 1= Crexp[=NTU(1 - C")]

)

where C” is the thermal capacity ratio of the two streams (Cpnin/Cmax )-

The cold box, a crucial component in the liquefaction process, consists of two heat exchangers
arranged in series, handling four distinct streams: the compressed air to be liquefied, the recycled
air in a saturated vapor state from the phase separator, the nitrogen stream recycled from the HGCS
and the liquid hydrogen to be regasified. Given the significant variation in the working fluid's
specific heat (c,) with temperature, the pinch point approach was adopted to address the potential
formation of a minimum temperature difference (pinch point) within the system. The heat
exchanger was numerically discretized into several sub-heat exchangers along the flow path, with
boundary conditions for each segment aligned with adjacent sections. The discretization method
applied is the cell-by-cell approach [49], which involves a one-dimensional discretization of the
heat exchanger. The energy conservation equation is applied to each control volume individually,
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as illustrated in Fig. 5. The number of control volumes selected for each heat exchanger is 50 and
it has been selected to guarantee a good compromise between the accuracy of the results and the
computational cost.

Energy balances were conducted for each sub-heat exchanger to determine the inlet and outlet
temperatures on both the hot and cold sides (Fig. 5):

QH,i = mwf,H (hH,i - hH,i+1) (10)
Qci = Myrc(hei — heiv1) + Quees,i + QLHZ,i (11)
HEX 1 HEX 2 HEX N

My nees €

Thw}'.c «

LT >

FET
EEE
IEE

Fig. 5. Multi-streams heat exchanger discretization approach. Adapted from Ref.[18].

3.3. Packed-bed thermal energy storage

The packed bed thermal energy storage (TES) system plays a vital role in the LAES system and
is commonly employed in the chemical and petrochemical industries, often functioning as catalytic
reactors. Its packed bed configuration enhances heat transfer efficiency between the heat transfer
fluid (HTF) and the storage medium by maximizing the heat transfer surface-to-volume ratio. This
1s accomplished by filling the storage volume with materials such as spheres, irregularly shaped
pebbles, encapsulated phase change materials (PCMs), or other structured geometries, through
which the HTF flows. As illustrated in the schematic of the HGCS loop in Fig. 6, the HGCS charge
phase corresponds to the LAES discharge phase (i.e., liquid air regasification and subsequent
expansion). During this phase, the HTF enters the HGCS from the bottom at an inlet temperature
Turrinecr and exits at the top after transferring cold energy to the storage medium, leaving at
THrF our,ch. Conversely, the HGCS discharge phase aligns with the LAES charge phase (i.e., the air
liquefaction process). During this phase, the HTF flow direction reverses, entering from the top at
THrring and exiting from the bottom at the desired temperature Thrrouwa to support the air
liquefaction process. The inlet temperatures are the boundary conditions for the partial differential
equation in Eq. (13).

To evaluate the thermal performance of the HGCS, the energy conservation equations governing
heat transfer within the packed bed must be solved. Two unsteady, one-dimensional energy
equations were developed to model the transient temperature profiles of both the heat transfer fluid
and the particle phase within the HGCS.

For the heat transfer fluid phase:

0Tyrr 0Tyrr 0%Tyrr U, D
EPHTFCp HTF (T + Uyrr 7) = ekyrr oz hy(Tyrr — Ts) + t (Tamp — T¢) (12)
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For the solid phase:

2

oT. 2°T.
1- 5)pscp,sa_ts =(1- g)ksﬁzs + hy,(Tyrr — Ts) (13)

Additional and more exhaustive information regarding the numerical model can be found in
[50] and [18]. Table 2 reports the physical properties of the storage material employed.

Table 2. Storage material properties [17].

Parameters Value Unit
Material Quartzite -

p, Density 2630 kg/m’
cp, Specific heat 0.71 kJ/kg K
k, Thermal conductivity — 1.83 W/im K
dp, Particle diameter 0.015 m

3.4. High grade warm storage

The high-grade warm storage (HGWS) is a sensible heat thermal energy storage modelled as a
two tanks liquid storage system filled with diathermic oil (Therminol 66) which represents both as
the HTF and storage medium. A steady-state model of each tank is applied during LAES operation
since uniform temperatures approximation can be reasonably considered for both tanks [14]:

tech ta

f Myews,indt = f Myews,outdt (14)
0 0
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3.5. Cryogenic Rankine cycle

The Cryogenic Rankine cycle system was modeled by using a MATLAB design routine
previously developed and validated in [51-53]. Validation tests were carried out both with a
Dymola model and an existing ORC system, showing deviations below 2 % and 10 % in net power
output, respectively [51,52].

A supercritical CRC system without recuperator is considered here. After a preliminary
screening of possible working fluids for cryogenic applications, nitrogen was identified as suitable
candidate, given its low environmental impact, high thermal stability, good thermodynamic
performance and foremostly its fire extinguisher properties to prevent potential hazards in presence
of a flammable fluid such as hydrogen.

The design routine is based on steady-state mass and energy balances on control volumes around
the main CRC components:

Myr,in = Myt out = My (15)

mwf,inhwf,in + Q - W = mwf,outhwf,out (16)

where m,,,r is the working fluid mass flow rate, h,, f is the specific enthalpy of the working fluid,

Q is the heat transfer rate either from the heat source (Q > 0) or heat sink (Q < 0) and W the
mechanical power transferred from the turbine (W > 0) or pump (W < 0).

The heat sink for the CRC unit is represented by the waste cold available at the regasification
process of the liquid hydrogen at —250.4 °C and 30 bar. The heat source is the waste heat available
from the diathermic oil at the outlet of the superheating process of the LAES (point 3WS in Fig.
4 at T =68.6 °C and p = 1.5 bar) during the discharge phase.

Pressure, heat and electric losses in the CRC system are not considered in the mathematical
model. The heat exchangers were discretized in control volumes according to the number of phases
(liquid, two-phase and vapour). The net power output of the CRC unit is calculated as follows:

WPump

hwf,Pump,in - hwf,Pump,out (17)

Wnet,CRC = WTr]G + = mwf (hwf,T,in - hwf,T,out) Ne — mwf

nPump,MnPump,l nPump,MnPump,l

where 15, npy and 1p; are the efficiencies of the electric generator and pump electric motor, pump
frequency converter, which were assigned representative values of 90%, 85%, and 95%,
respectively. The empirical correlations developed by Macchi and Astolfi [54] for single-stage
turbines were used to estimate the isentropic efficiency of the CRC turbine. The design isentropic
efficiency of the pump was fixed to 70 % [55].

The objective function to maximize is the net electrical efficiency 1g; net cre, defined as follows:

Wnet CRC
Nelnet,CRC = & (18)
Qeva,cre

where Qg acrc 18 the overall thermal power received from LAES at the evaporation section of the

CRC unit.
Additional and more exhaustive information regarding the numerical model and the
optimization routine can be found in [41].

3.6. Techno-economic analysis and optimization

A detailed techno-economic analysis is performed to evaluate the economic benefits of the
integrated energy system. The assumptions, merits and terms used in this part are listed in Table
3. It is worth to highlight that the boundary of the economic analysis is defined around the LAES
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and CRC plants, and thus it excludes the liquid hydrogen pumping cost and the external
regasification unit dedicated to the power plant when LAES and CRC are not operating. This
approach ensures a consistent comparison by isolating the economic performance of the integrated
system without attributing additional costs that would be incurred regardless of LAES integration.
Including these costs would misrepresent the specific impact of the proposed system on the overall
economics.

The total investment cost of LAES has been computed by applying the module costing
technique [56] to calculate the bare module cost (Cgur) of each LAES component, modified by the
chemical engineering plant cost index (CEPCI) to reflect inflation effects of current time from any
past year X:

CEPCI
2022) (19)

CAPEX,aps = Z Com i < CEPCI
X

Since such bare module component cost correlations are associated with significant
uncertainties and the underlying data is usually not available and regionally specific, correlations
from multiple sources are used for each component. In this paper, four methods are used to
calculate and compare the bare module cost of each component, obtained from Turton et al. [56],
Seider et al.[57], Couper et al.[58], Peters et al. [59] and Hewitt and Pugh [60]. The main idea is
to assess the costs of each component through the application of the four main correlation methods,
generating mean estimates that are subsequently summed up to derive system cost estimates. For
the sake of comprehensiveness, a brief description of the assumptions for the cost correlations
implemented for the main components (absorption/stripper columns, heat exchangers,
compressors and vessels) is reported in Table 4.

Table 3. Assumptions for the techno-economic analysis

Parameters Value Unit Reference
Lifetime 35 year [61]
EToftpeak 0.1394 USD/kWh, [62]
ETpeax 0.2154 USD/kWh, [62]
Heycle 365 Cycle/year Assumption
OPEXL4Es, Power 12.03 USD/kW/year [63]
OPEX4ES Energy 0.00289  USD/kWh,/year [63]
OPEXcrc (YoCAPEX) 2.5 % [64]
Clean dry air specific consumption (SCcpa) 0.147 kWhe/m? [65]
CDA Utilization factor (1) 0.70 - [65]
CEPChox 816 - [66]
i 5 % Assumption

To estimate the capital cost of the cryogenic Rankine cycle, the following correlation, developed
by Xiao et al. [67] and obtained from a market survey data during the past 10 years, has been
implemented to retrieve the specific investment cost (SIC) expressed in USD/kW. as a function of
the net power output of the CRC unit as expressed in Eq.(16):

SICcre = — 678 In(Whercre) + 67254 (20)
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Table 4. Cost correlations overview for the LAES capital cost evaluation.

Components Cost correlations Notes

Turton et al. [56]
Turbines and Seider et al. [57] Correlations based on the nominal power.
compressors Couper et al. [58] Carbon-steel construction.

Peters et al. [59]

Turton et al. [56]

Seider et al. [57] Correlations based on volume and maximum

HGCS pressure. Costed as pressure vessel filled with
Couper et al. [ 58] storage material. Carbon-steel construction.
Peters et al. [59]
Turton et al. [56]

Liquid Storages & Seider et al. [57] Correlations based on the storage tank volume.

Pumps Couper et al. [58] Costed as liquid storage tanks with pumps.

Peters et al. [59]

Turton et al. [56]
Seider et al. [57]
Couper et al. [58]
Peters et al. [59]

Correlations based on the heat transfer area and
maximum pressure. Floating head and carbon-
steel construction.

Two-streams HEX

Correlation based on the estimation of the core
Multi-streams HEX Hewitt & Pugh [60] volume. Costed as brazed aluminium plate-fin
heat exchanger.

The first law analysis was implemented to compute the premier performance index of the LAES
charge phase, namely the liquefaction specific consumption, computed as:

Lch,LAES |4
f 0 Wnet,ch dt

(21)
J‘Otch,LAES T dt

SCrags =

where Wnet,ch and m;, are the instantaneous net power consumption and liquid air production
during the LAES charge phase, respectively.

The premier key performance indicator of the LAES energy storage system is represented by
the round-trip efficiency, computed as follows:

td 4 td 7
fo Wnet,d dt + fo Wnet,CRC dt
t .
fo " Wnet,ch dt

(22)

NRrT =

where Wnet,d and Wnet,CRC are the instantaneous net power production during the LAES discharge
phase and the CRC operation, respectively.

In order to maximize the round-trip efficiency of the configurations, a design optimization
routine similar to the one adopted in Tafone et al. [18] is used. The derivative-free optimization
function ‘patternsearch’ from the MATLAB Optimization Toolbox was used, with a step and
function tolerance of le-6 and a constraint tolerance (necessary to find the required net power
output) fixed to 1e-4. Table 5 summarized the LAES decision variables and reports the upper and
lower bounds set in the design optimization routine. The input parameters, constraints and
objective function are summarized in Table 6.
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Table 5. Decision variables for LAES design routine.

Decision variables Lower bound Upper bound Unit
per Charging pressure 60 160 bar
pa Discharging pressure 60 160 bar
Dsio Storage pressure 1 12 bar
ATy, s Pinch-point temperature difference at SH 5 30 K

Xer = Myq4/Mgyu , Recirculation fraction 0 1 -

1y 4 Mass flow rate of liquid air 80 100 kg/s

Table 6. Input parameters, constraints and objective function for LAES optimization routine.

Parameters Value Unit
T.m» Ambient air temperature 25 °C
Working fluid Air -
m; gy, Liquid hydrogen mass flow 0.74 kg/s
t.n, Charging period 6 h
t4 Discharging period 3 h
Riso,p Liquid air pump isentropic efficiency 80 %
ATEvaporator Evaporator cold end temperature approach 5 °C
Riso,crc,p CRC pump isentropic efficiency 70 %
ATgva,crepr CRC Evaporator pinch point temperature difference 5 °C
ATconn,cre,pp CRC Condenser pinch point temperature difference 5 °C
purrineh Charge HTF inlet pressure 1.5 bar
Constraints

No temperature crossings among working fluid and heat sources / sink
Pinch point temperature difference at the cold box equal to 2 K
Discharge power output equal to 50 MW,

Objective function

Maximum round-trip efficiency (Eq. 21)

The levelized cost of storage (LCOS) describes the ratio of total lifetime cost of the investment
in an electricity storage technology divided by its cumulative delivered electricity estimated at
each n step (years) over the total storage lifetime N (years) discounted with the interest rate i (%):

EC OPEX Revcpa N ReVLH2REG,fee
CAPEX + YN—— 4 yN—-0uM _ yN=-CDA _ yN__ A2Ron/ee
LCOS = a+n a+pn (1+n (1+m (23)

N_Ea
Xn 1+in

where CAPEX [MUSD] is the capital cost of the system, computed according to the methodology
above mentioned; EC [MUSD] is the electricity cost required to charge the LAES, calculated as a
function of the electricity tariff and the round-trip efficiency [64]; OPEXo&n [MUSD] represents
the operation and maintenance costs of both LAES and CRC; Revcps [MUSD] is the revenue
derived from clean dry air sale; Reviwresfee [MUSD] is the revenue associated with LH»
regasification service; Eqs [kWhe] is the electricity produced during the discharge phase.

Finally, the discounted pay-back period (DPBP) is established by evaluating the number of
years (DPBP) to achieve a NPV value of zero:

DPBP = {N | NPV = 0} (24)
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4. Results and discussion

The objective of this section is to comparatively assess the performance of the stand-alone
LAES and the LAES-LH>-CRC configurations to evaluate their technical and economic
performance and comprehend under which condition the usage of waste cold from liquid hydrogen
regasification might be advantageous. A system-level analysis of a 50 MW./150 MWh LAES
plant was conducted. The thermodynamic cycle state points for both the stand-alone and integrated
configurations are reported in the Supplementary Data.

4.1. Energetic performance analysis

In order to comparatively assess the systems, the following operational conditions were ensured:

e The operating conditions are the same for all the LAES configurations and are based on
the techno-economic data provided in Section 3.

e The techno-economic performance data of integrated and stand-alone systems
configurations have been reported for steady state temperature profiles established in the
HGCS, after 5 charging and discharging cycles.

Table 7 lists the technological parameters of the integrated and standalone LAES systems. Since
the capacities of the two systems are selected to be the same, the discharging power is kept

identical whereas the performance of the two systems would differ.

Table 7. Technological parameters of the integrated and standalone LAES systems.

Parameters Standalone LAES  Integrated LAES Unit
LAES Discharge Power 50.00 50.00 MW.
CRC Net Power - 0.783 MW,
NRT 58.6 67.6 %
Liquefaction Specific consumption 0.252 0.223 kWhe/kgra
Specific production 0.148 0.151 kWhe/kgra
Heat transfer fluid for LAES HTES Therminol 66 Therminol 66 -
Working fluid for CRC - Nitrogen -

The results show a global energy efficiency improvement of LAES plant. Indeed, the waste cold
recovery from liquid hydrogen regasification boosts the performance of the liquid air production
decreasing the specific consumption of the air liquefier by 12 % (from 0.25 to 0.22 kWhe/kgra).
In turn the round-trip efficiency increases by 15 % due to the combined effect of the performance
enhancement of the liquid air production and the additional electricity production from the CRC
(=800 kWe,).

Derived from the first principle approach, the energy balance applied to both charge and
discharge phases is graphically represented by the Sankey diagrams in Fig. 7-Fig. 9. In these plots,
the different energy flows along with their magnitudes are reported and can assist to further capture
the differences between the performance behaviours of the two systems. In the charge phase, the
advantage of the availability of the waste cold from LH» regasification process allows to
significantly decrease the power consumption of the air compressors from 44.58 MW to 37.58
MW for the stand-alone and integrated LAES, respectively, reducing in turn the liquefaction
specific consumption as shown in Table 7. Consequently, due to the enhanced energetic efficiency
of the air liquefaction stage, the potentially available waste heat recovery from the intercooling
stage is reduced from 45.73 MW to 38.59 MW. Nevertheless, since the amount of waste heat
available consistently exceeds the thermal energy requirement for the discharge phase, as already
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demonstrated in literature [39,68], this reduction further improves the efficiency of the waste heat
recovery system within the integrated LAES, enabling the downsizing of the hot thermal energy
storage (HGWS). Focusing on the discharge phase of the integrated LAES system, the utilization
of the waste heat is further optimized by the integration of the cryogenic Rankine cycle that utilizes
part of the waste heat available at the CRC evaporator (14.89 MW). This, combined with the waste
cold from LH> regasification acting as heat sink for the CRC, enhances the discharge power of the
integrated system, resulting in an additional CRC electric power production of 0.78 MW. Another
significant source of heat loss (= 6 MW) for both systems is represented by the air discharged at
the last turbine stage T4 (Airou stream in Fig. 7b and Fig. 9). Indeed, considering a hypothetical
multi-energy LAES, this stream could provide the thermal energy required by a potential district
heating community, offering thus an additional storage service that will turn in an additional
revenue stream.
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Fig. 7. Sankey diagram — Stand-alone LAES charge (a) and discharge (b) phases. All the quantities
are in MW.
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Fig. 8. Sankey diagram - Integrated LAES charge phase. All the quantities are in MW.
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Fig. 9. Sankey diagram - Integrated LAES discharge phase. All the numerical quantities are in MW.

4.2. Economic performance analysis

The techno-economic results computed assuming the methodology presented in Section 3.6 are
firstly shown in Fig. 10, providing the calculated CAPEX for both systems. The economic results
unexpectedly reveal that the CAPEXs of the two systems are almost identical with the integrated
system showing a slight lower CAPEX. A detailed analysis of the CAPEX breakdown offers a clear
explanation for this trend. The savings in CAPEX from the hot and cold thermal energy storage
systems and charging facilities in the integrated system are sufficient to offset the cost of CRC
installation, suggesting that the integrated system will slightly reduce overall CAPEX despite the
high investment cost of the CRC.
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CAPEX = 63.97 CAPEX = 63.52
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mCharge ®WHGCS ®HGWS = Liquid air storage ™ Discharge = CRC

Fig. 10. CAPEX comparison of various components in the integrated and standalone LAES systems.
The total CAPEXs are reported at the top of each bar.
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The cash flows including the operational costs and the revenues associated with the different
revenue streams (arbitrage, regasification fee, clean dry air) are reported in Fig. 11. The analysis
demonstrates how the waste cold from LH; regasification affects the economics of the integrated
plant in comparison to the stand-alone system.
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Fig. 11. Cash flows comparison of various sources in the standalone and integrated LAES systems.
The net CF values are reported at the top of each bar.

Contrary to the CAPEX comparison, the revenue (positive cash flows in Fig. 11) of the
integrated system almost doubles the one of the standalone system, with price arbitrage and CDA
generating the largest revenues. Notably, the revenues from CDA sales are approximately of the
same magnitude as the arbitrage revenues. On the other hand, the electricity cost expenses are
considerably small compared to the standalone system due to the higher round-trip efficiency.

As shown in Fig. 12, the high revenue streams of the proposed system lead to a significantly
lower LCOS which is approximately 60 % lower than that of the standalone system. The pay-back
period of the stand-alone LAES is not achieved due to the negative annual cash flow as shown in
Fig. 11. Again, the revenue due to the price arbitrage does not offset the electricity cost to charge
the LAES due to the low round trip efficiency and the low ratio of the peak to off-peak electricity
tariff. Specifically, the integrated system achieves an LCOS of 0.125 USD/kWhe and a DPBP of
around 9 years. This economic performance favourably compares with other LAES-based and
grid-scale energy storage technologies [69].

Table 8. Techno-economic comparison of the current work with literature data.

Reference yrr [%] LCOS [USD/KkWh] Configuration

Current work 67.6 0.125 LAES integrated with LH, regasification
Tafone et al. [64] 52.6 0.385 LAES integrated with organic Rankine cycle
Georgiu et al. [70] 55.0 0.3-04 LAES integrated with waste heat
DaLietal [71] 110.3 0.090 LAES integrated with solar power plant
Kim et al.[72] 51.0 0.183 LAES integrated with nuclear power plant
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As shown in Table 7, Tafone et al. [64] analyzed a LAES-ORC integration and reported an
LCOS above 0.3 USD/kWhe, while Georgiou et al. [70] assessed standalone LAES configurations
with LCOS values ranging between 0.3-0.4 USD/kWh.. Additionally, Da Li et al. [71]
demonstrated that even solar-aided LAES configurations still face LCOS values in between 0.09-
0.16 USD/kWhe, reinforcing the economic competitiveness of the proposed integration approach.
The comparative analysis indicates that the integration with liquid hydrogen regasification brings
considerable economic benefits to make LAES a viable option for future grid-scale energy storage.
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Fig. 12. LCOS and DPBP comparison of the standalone and integrated LAES systems.

4.3. Sensitivity analysis case studies (number of cycles, electricity prices and CDA
industrial demand)

The current section evaluates the performance of the stand-alone and integrated LAES
configurations by varying the number of cycles per year, the electricity tariffs at which LAES is
charging and dispatching electricity and the industrial demand of the clean dry air, whose revenue,
as shown in Fig. 11, is an important pillar for the economic feasibility of the LAES integrated
configuration.

Fig. 13 reports the results of the sensitivity analysis carried out in order to assess the influence
of the off-peak electricity tariff and the number of cycles per year over the LCOS. Here, a cycle
represents a complete sequence of charge and discharge of the energy storage system. This quantity
is directly proportional to the total energy discharged by the LAES. As expected, the LCOS
decreases with an increasing number of cycles per year due to the fixed CAPEX and OPEX being
distributed over a greater energy output. In this study, 365 cycles per year corresponds to one half
charge cycle (3 hours) and one half discharge cycle (6 hours) per day. Therefore, operating at more
than 365 cycles annually implies multiple charging and discharging events within a single day.

Three different electricity tariffs have been considered: the reference scenario (E7e,ofpeak = 0.14
USD/kWHhe), and two other scenarios where the off-peak electricity tariffs are varied by £50%.
According to an approximately inverse relation, the LCOS decreases as the number of cycles per
year, and therefore the total amount of energy discharged increases. In fact, by increasing the
amount of energy discharged per year, the LCOS decreases significantly since the same CAPEX
and OPEX costs are distributed over a larger amount of energy discharged. Furthermore, Fig. 13
illustrates how the round-trip efficiency strongly affects the LCOS, offering additional insights
into the relationship between system efficiency and economic performance. Notably, the gap
between the two curves representing the stand-alone configuration and the integrated system
increases as the electricity tariff and the number of cycles increase, with an LCOS decrease as high
as 70 % at number of cycles per year higher than 600.
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Fig. 13. LCOS as a function of the number of cycles per year at different electricity tariffs.

In order to better understand the trends of the KPIs under examination (LCOS and discounted
pay-back period), the results of the sensitivity analysis involving both the electricity tariffs, and
the clean dry air demand are plotted in terms of performance heat maps. Fig. 14-Fig. 16 show the
minimum of the LCOS and the discounted pay-back period at utilization factors of the clean dry
air of 10%, 30%, 50% and 70%. Black spots indicate that the pay-back period is either higher than
LAES lifetime or not achieved in that specific sensitivity scenario. Electricity tariffs at peak and
off-peak period are varied as well between 0.19-0.31 USD/kWh, and 0.12-0.18 USD/kWhe,
respectively. The first thing to note is the significant influence of the clean dry air revenue at every
electricity tariff considered. As shown in Fig. 14 and Fig. 15 for the integrated LAES system with
nominal electricity tariffs (E7e,ofpear = 0.1394 USD /kWhe and ETepeac = 0.2154 USD /kWhe),
the LCOS can fall by 50 % achieving a positive discounted pay-back period of 9 years as the
utilization factor is varied from 10% to 70%. At low utilization factors of the clean dry air, the
LCOS is highly dependent on the electricity off-peak tariff alone, with a null or weaker influence
of the electricity peak tariff, as also demonstrated by Fig. 16a considering the stand-alone LAES
(ucpa= 0). Indeed, in these scenarios, the revenues from price arbitrage outweigh the one from
clean dry air: as a consequence, the peak electricity tariff has almost no impact on the LCOS.
Conversely, for higher utilization factor of the clean dry air, the LCOS decline is even stronger
since highly depends on both electricity off-peak and peak tariff contributes.

It is worth noting that similar trends are observed for the discounted pay-back period but other
factors need to be considered. At lower utilization factors of the clean dry air, the DPBP is highly
sensitive to both off-peak and peak electricity tariffs. As the utilization factor increases, the
dependence on the off-peak electricity tariff weakens in comparison to the peak electricity tariff.
This shift occurs because the clean dry air revenue becomes increasingly affected by the peak
electricity tariff, making it more predominant than the arbitrage revenue component at higher
utilization levels. Consequently, the DPBP decrease significantly.

The final consideration concerns the stand-alone LAES, and it strongly supports findings
previously reported in literature. As shown in Fig. 16b, only one combination of electricity tariffs
ensures an economically feasible pay-back period (=20 years). This outcome perfectly aligns with
the conclusions of different studies, which indicate that a stand-alone LAES is not economically
viable unless 1) waste heat or waste cold are readily available in the vicinity [73—75] and/or a
portfolio of different services is provided by the storage operator [76].
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Fig. 14. LCOS performance heat maps. Integrated LAES case study.
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5. Conclusions

This study proposed and designed a novel integration of Liquid Air Energy Storage with liquid
hydrogen regasification and wafer fabrication clean dry air production. The system takes
advantage of the otherwise untapped waste cold from LH- regasification to enhance the efficiency
of the LAES charging process, significantly reducing the energy required for air liquefaction.
Additionally, the low-temperature heat transfer fluid and low dew-point outlet air from the LAES
discharge are repurposed to support wafer fabrication cooling and CDA production, thereby
reducing the energy-intensive cooling costs associated with semiconductor manufacturing.

The integration brings both thermodynamic and economic benefits. By saving the charging and
thermal energy storage systems (HGCS and HGWS) costs, the overall capital expenditure is
slightly lower than that of a standalone LAES. The combined system generates substantially higher
revenue by offering regasification services and electricity arbitrage through CDA supply, resulting
in an 80% increase in total revenue compared to a conventional LAES configuration. This
enhancement translates into a significant reduction in the levelized cost of storage, which decreases
by 60%, from 0.293 USD/kWh. to 0.125 USD/kWhe. The integration not only improves the
economic viability of LAES but also contributes to a more efficient and sustainable approach to
energy storage and utilization.

Beyond cost reduction and efficiency improvements, this integration creates a multi-functional
energy system that optimally combines energy and material streams. By leveraging synergies
between different processes, the system achieves higher overall performance while reducing its
discounted payback period, making it a promising candidate for real-world implementation.

Any technical analysis comes with inherent limitations and well-defined boundaries of
applicability. Therefore, it is crucial to clearly identify these constraints to guide future research
toward meaningful improvements. In this regard, further studies could explore the impact of para-
to-ortho hydrogen conversion to enhance the efficiency of waste cold recovery during liquid
hydrogen regasification. Additionally, a dynamic analysis of LAES operation could provide
deeper insights into how the system responds to fluctuations in liquid hydrogen mass flow and
how waste cold recovery might facilitate a quicker LAES startup process. Indeed, while the
system’s discharge duration is inherently linked to the storage capacity and operational strategy, a
comprehensive analysis of dynamic load management and grid interactions would require a
dedicated study incorporating real-time electricity market dynamics and demand response
mechanisms. Lastly, integrating LAES with a 100% hydrogen-fuelled combined cycle gas turbine
(CCGT) at mid-to-micro grid scales (below 10 MWe) represents a promising avenue for future
research. Such an integration could unlock additional techno-economic benefits, particularly in
hydrogen-based power generation and grid stabilization, while offering valuable insights into the
feasibility of hybrid energy storage solutions.
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