‘ energies

Article

Impact of Ambient Temperature on the Performance of Liquid
Air Energy Storage Installation

Aleksandra Dzido *

W) Check for updates

Academic Editors: Ahmed
Chiheb Ammari and Ahmed S.
A. Awad

Received: 26 October 2025

Revised: 15 December 2025
Accepted: 19 December 2025
Published: 28 December 2025
Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

and Piotr Krawczyk

Institute of Heat Engineering, Warsaw University of Technology, Nowowiejska 21/25, 00-665 Warsaw, Poland;
piotr.krawczyk@pw.edu.pl
* Correspondence: aleksandra.dzido@pw.edu.pl

Abstract

The increasing share of renewable energy sources (RES) in modern power systems ne-
cessitates the development of efficient, large-scale energy storage technologies capable
of mitigating generation variability. Liquid Air Energy Storage (LAES), particularly in
its adiabatic form, has emerged as a promising candidate by leveraging thermal energy
storage and high-pressure air liquefaction and regasification processes. Although LAES
has been widely studied, the impact of ambient temperature on its performance remains
insufficiently explored. This study addresses that gap by examining the thermodynamic
response of an adiabatic LAES system under varying ambient air temperatures, ranging
from 0 °C to 35 °C. A detailed mathematical model was developed and implemented in
Aspen Hysys to simulate the system, incorporating dual refrigeration loops (methanol and
propane), thermal oil intercooling, and multi-stage compression/expansion. Simulations
were conducted for a reference charging power of 42.4 MW at 15 °C. The influence of
external temperature was evaluated on key parameters including mass flow rate, unit
energy consumption during liquefaction, energy recovery during expansion, and round-
trip efficiency. Results indicate that ambient temperature has a marginal effect on overall
LAES performance. Round-trip efficiency varied by only £0.1% across the temperature
spectrum, remaining around 58.3%. Mass flow rates and power output varied slightly,
with changes in discharging power attributed to temperature-driven improvements in
expansion process efficiency. These findings suggest that LAES installations can operate
reliably across diverse climate zones with negligible performance loss, reinforcing their
suitability for global deployment in grid-scale energy storage applications.

Keywords: liquid air energy storage; mathematical modelling; energy storage; aspen hysys;
adiabatic LAES

1. Introduction

The global demand for electricity continues to rise due to population growth, industri-
alization, and the increasing use of electronic devices. Global primary energy consumption
reached 183,230 TWh in 2023 [1]. As a result, the development of renewable energy sources
(RES) has become a priority in many regions. In tropical climates, solar power is widely
utilized due to high solar radiation throughout the year. In temperate zones, a combination
of solar and wind energy is common [2], as seasonal variations provide opportunities for
both. Meanwhile, in polar and mountainous regions, hydropower and wind energy are
key solutions, leveraging strong winds and abundant water resources [3]. The transition to
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renewable energy is essential to meet growing electricity needs while reducing dependence
on fossil fuels and minimizing environmental impact.

Some of these RES like solar and wind powers are weather-dependent sources [4].
Their operation in significant share in the national power systems causes serious challenges
like mismatch between supply and demand, need to adjust the electricity grid, and renew-
ables’ cooperation with more stable sources like nuclear power plants or fossil fuel plants,
which cannot change the load rapidly [5].

One of the solutions for these problems is the development of high-efficiency, long-
term and high-capacity energy storage installations [6]. Typical technologies for system-
scale electricity storage are pumped hydro (PH) [7] and Compressed Air Energy Storage
(CAES) [8]; both have special geological requirements, so cannot be easily applied in every
location. Another technology is hydrogen production and reusage, i.e., in fuel cells, which
is associated with the main drawback of relatively low efficiency and component long-term
performance challenges [9]. Significantly higher efficiency could be obtained in the case
of batteries, i.e., flow batteries, but in this case the main drawbacks are short lifetime,
significant environmental impact, and economic issues related to the need of materials
recycling [10]. Liquid Air Energy Storage (LAES) has emerged as a promising alternative
to conventional energy storage technologies [11].

Adiabatic liquid air energy storage (A-LAES) represents an advanced energy storage
approach that leverages the inherent thermodynamics of air liquefaction and regasification,
where the heat generated during the compression phase is captured, stored, and later reused
during expansion to minimize energy losses and improve overall cycle efficiency [12]. In
these systems, during the charging cycle, ambient air is compressed and subsequently
cooled in multi-stage, intercooled compressors [13]. Then, high-pressure, gaseous air
is cooled down to cryogenic temperatures (at the range of —190 °C) and throttled. As
a result, the gaseous air partially liquefies. The liquid phase is then stored in a near-
ambient-pressure tank. Heat received during compression intercooling is stored in the
form of thermal oil (temperature range 200-300 °C) [14]. During the periods of electricity
need, the LAES discharging process takes place. Liquid air is pumped to a high pressure
(100-150 bar), heated up to re-gasify and superheat, and finally expanded in the turbine
sections, typically with intercooling [15], by using thermal oil and a heat source. In such a
system optimization of cooling cycles is also crucial. Cold obtained during air regasification
in the discharging section can be used in further charging processes to cool air, which
contributes to an increase in the round-trip efficiency (RTE) of the storing process.

The thermodynamic framework of adiabatic LAES underscores the careful balance
between minimizing irreversibility in compressors and efficient heat transfer during both
storage and subsequent reheat stages, with particular emphasis on employing multi-stage
compression and expansion units to closely approximate isothermal conditions [8]. Several
studies demonstrate that an effective coupling of heat recovery from compression with its
reuse in the expansion cycle can lead to notable efficiency enhancements, even overcoming
the traditionally low round-trip efficiencies associated with simpler LAES cycles that do
not exploit thermal recovery [12]. Recent advancements have focused on optimizing the
thermal management system by implementing integrated hot and cold storage strategies,
where the recovered compression heat not only assists in the reheat process but also reduces
the network requirement during liquefaction by recycling available thermal energy [16].
Moreover, hybrid LAES configurations have emerged that combine the benefits of adiabatic
heat recovery with additional thermodynamic cycles, such as Organic Rankine or Brayton
cycles, further enhancing the system’s round-trip efficiency and operational flexibility for
large-scale, grid-level applications [8].
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The development of high-performance heat exchangers and regenerator designs plays
a critical role in these systems, where multi-stream heat exchangers enable effective temper-
ature matching between working fluids while reducing entropy generation, thus optimizing
the thermal integration between the compression and expansion phases [17]. Furthermore,
thermo-economic analyses indicate that while capital costs related to advanced heat recov-
ery components can be high, the improvement in energy efficiency and the resulting higher
round-trip efficiency potentially reduce the levelized cost of storage [18].

Experimental and simulation-based research projects have validated these concepts by
demonstrating that adiabatic LAES systems with robust heat recovery measures can achieve
round-trip efficiencies in the range of 55-60%, thereby positioning them as strong candi-
dates for intermittent renewable energy integration and grid-balancing applications [19].
Additional research has highlighted the adaptability of adiabatic LAES by coupling it with
auxiliary systems that not only allow electric power production but also provide ancillary
services such as cooling or heating, which further justifies the investment in advanced
TES components [16]. Overall, the literature suggests that the successful integration of
compression heat recovery in adiabatic LAES systems is pivotal. This strategy mitigates
energy losses that are otherwise inherent in conventional liquefaction and expansion pro-
cesses, enhances overall system performance, and fosters the economic viability of LAES
for large-scale energy storage applications [8].

Ambient temperature variations directly impact the thermodynamic efficiency of
liquefaction cycles, as pre-cooled and direct expansion methods depend critically on air
temperature differentials [20]. The Linde-Hampson cycle’s performance degrades mea-
surably as inlet temperature deviates from design conditions, with dynamic modeling
of similar compressed CO, systems demonstrating that compressor inlet temperature
changes of £10 K alter system efficiency by 3-5%, while broader temperature perturba-
tions of +20 K cause power consumption fluctuations of 6-8% [21]. These thermodynamic
sensitivities arise because liquefaction efficiency is directly proportional to the available
temperature gradient between ambient air and the cryogenic storage temperature; seasonal
ambient cycles in temperate climates (ranging 4-15 K annually) therefore create predictable
but uncharacterized performance degradation pathways. Current LAES literature lacks
longitudinal field studies quantifying performance across seasonal temperature ranges,
extreme weather events, and comparative installations in diverse climatic regions—a gap
that prevents accurate efficiency predictions and prevents the optimization of installation
sites for maximum annual performance.

This paper aims to fill this literature gap by analyzing the impact of the ambient
temperature on the efficiency and reliability of LAES systems. A better understanding of
these effects is essential for optimizing LAES deployment in various climates and improving
its feasibility as a large-scale energy storage solution.

2. Methods

The aim of this study was to asses the main LAES parameter of efficiency under various
weather conditions. For this purpose, a mathematical model of the main processes occurring
in the system was developed. Mathematical modeling serves as a fundamental approach
for predicting and optimizing complex chemical engineering processes, enabling systematic
analysis of process behavior under varying operational conditions without requiring costly
and time-consuming experimental iterations. The mathematical modeling framework
integrates several essential methodological components that must be carefully selected and
implemented to ensure accurate representation of physical and chemical phenomena.

The mathematical formulation of process models requires the establishment of mass
and energy balances coupled with kinetic rate expressions and phase equilibrium rela-
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tionships. Differential equations derived from these balances represent the fundamental
mathematical description of process dynamics, and their solution requires conversion to
systems of difference equations amenable to numerical integration with adaptive spatial or
temporal stepping. Our model was based on equilibrium balance equations.

To determine media properties the Peng—Robinson state Equation (1) was used [22]:

_RT a(T)
P= v—b v(0+b)+b(v-D)

)

where: p—pressure [Pa], R—individual ideal gas constant [J/kg-K], T—temperature [K],
v—specific volume [m3/ kgl, a, b—constants.
The flow through the valves was calculated according to (2) [23].

i = k\/Ap 2

m—mass flow [kg/s], k—coefficient representing the inverse of flow resistance (conductiv-
ity) [/kg-m], Ap—pressure drop [Pal].

The mass flow rate depends on the inlet pressure (p;;,), outlet pressure (pout), and the
Cy coefficient corresponding to the inverse of flow resistance (3).

m= f(pinr Pout, CV) )

Heat exchangers were modelled as shell-tubes. For the shell side, the energy balance
equation takes form of (4)

' d(V-h
Msheli- (Pin — Mout)sherr = Gioss + 4 = P% (4)

where 11,,,;—mass flow rate at the shell side [kg/s], h;y,, hour—inlet and outlet enthalpy of
the flow [k]J/kg], 1,ss—heat losses [kW], g—heat provided to the shell side [kW], p—density
[kg/ m3], t—time [s], V—volume [m?].

On the other hand, the energy balance equation for the tube side can be expressed
as (5)

Thtube'(hin - hout)tubg —loss + 9 = Pid(v h;;lt)tube (5)
where 1;,,,—mass flow rate at the tube side [kg/s], hjy,, hour—inlet and outlet enthalpy of
the flow [kJ/kgl, g1,ss—heat losses [kW], g—heat provided to the tube side [kW], p—density
[kg/ m3], t—time [s], V—volume [m?]

The compressor and expander power were calculated from (6).

(=)
— i M (P | (Pout ) "
P_nm M (7’1—1) cF <Pin> [( pin) 1] (6)

P—device’s power [kW], hi.n-—inlet molar flow rate [kmol/s], M—molar mass of the

working medium [kg/kmol], n—volume exponent, p;,, pour—inlet and outlet pressure [Pa],
pin—inlet density [kg/m3].
In (6) the correction factor was described as (7).

CF = I/Jut — hi”

7
(1) (B — 1) @)
n p/out Qin
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The power transferred to the working medium during compression was expressed
as (8).

P = njy-M-(hout — hiy) (8)

Likewise, the expander power, which working medium delivers was calculated ac-
cording to (9):

P = ﬁin'M'(hin - hout) (9)

In the case of the pump, the ideal power required to increase the medium pressure
was given by (10).
(Pout — Pin) Min-M

P = (10)
P
The efficiency of the system was calculated as:
= Pexpander (11)

Pcompressor + Ppump

The analyzed system scheme is presented in Figure 1. Note that the LAES installation is
equipped with two cooling cycles, due to the high temperature difference. The intercooling
process after each compression stage is realized by a thermal oil (n-C20) circuit.
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Figure 1. Scheme of the analyzed system. C—compressor, X—heat exchanger, T—insulated tank,
P—pump, V—throttling valve, S—phase separator, E—expander, Mix—mixer.

Figure 1 illustrates the schematic configuration of the investigated LAES system.
The modelled plant operates according to a charge—discharge cycle and integrates air
liquefaction, cryogenic storage, thermal energy storage (TES), and power generation. The
system is designed to maximize round-trip efficiency through extensive thermal integration
and the use of auxiliary working-fluid loops [24], although phase change materials are also
reported as a prospective cold storage dedicated for LAES [25].

During the charging phase, ambient air is drawn into the system and compressed
in a multistage compression train (C1-C3). Intercooling between successive compression
stages is achieved by air—thermal oil heat exchangers (X1-X3), which reduce the specific
compression work. Electrical energy supplied to the compressors represents the primary
energy input to the system [10].

The compressed air is subsequently cooled in a cryogenic heat exchanger (X4), where it
exchanges heat with cold streams of recirculated air, streams recovered from the discharging
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process and cold thermal storage units. As a result, the air temperature is reduced. Then
air is being throttled in a Joule-Thomson valve (V1), leading to partial air liquefaction.
Low-pressure, gaseous air recirculates via multi-stream heat exchanger (X4), while the
liquefied air is then routed to a cryogenic storage tank (T6) for long-term energy storage.

The LAES system incorporates both hot and cold thermal energy storage to enhance
overall efficiency. Thermal energy generated during air compression is recovered and
stored in a dedicated hot storage tank (T5) in the form of hot thermal oil. This medium
is further applied for air pre-heating before expansion during discharging of the store.
Conversely, cold energy released during the air expansion and evaporation processes is
captured and stored in cold storage tanks (T3 and T4). Two auxiliary cooling loops are
involved to provide a liquid operating temperature in a wide range of temperatures, like
in [26]. As cooling media, methanol and propane were used [27].

In discharging mode, liquid air is extracted from the cryogenic storage tank and
pressurized using a cryogenic pump (P1). The pressurized liquid air is then heated and
vaporized through a sequence of heat exchangers (X5-X7), primarily utilizing auxiliary
thermal loops and then the stored compression heat (thermal oil).

Following vaporization, the high-pressure air expands through a series of expansion
turbines (E1-E3), producing mechanical power that is converted into electricity. The
expanded air is finally released to the atmosphere at near-ambient conditions.

3. Model Implementation

The mathematical model described in the previous section was implemented in the
Aspen HYSYS® numerical simulation environment. Aspen HYSYS was selected due to
its extensive validation and widespread application in the modelling and performance
assessment of petrochemical processes, cryogenic systems, and large-scale energy storage
technologies [23]. In particular, the software provides robust thermodynamic property
packages, steady-state solvers, and heat-integration capabilities that are well suited for the
analysis of LAES systems.

Moreover, several studies have successfully applied Aspen HYSYS to the modelling of
cryogenic air separation units, liquefaction cycles, and LAES configurations, demonstrating
its suitability for such applications [28,29]. Consequently, Aspen HYSYS was considered an
appropriate and reliable tool for the present investigation.

The scheme of the implemented system is shown in Figure 2. Air was modelled as a
real-gas mixture using the Peng—Robinson equation of state, which is commonly employed
for high-pressure and cryogenic air processes. All simulations were conducted under
steady-state conditions, with transient effects neglected. Pressure drops in pipelines were
assumed to be negligible unless explicitly defined by component pressure ratios.

Heat exchangers were modelled using a fixed minimum temperature approach, en-
suring realistic thermal performance and avoiding temperature crossovers. The minimum
temperature difference in oil-air heat exchangers was set to AT = 5 °C, consistent with
industrial design practices.

The base-case simulations were performed for an ambient temperature of 15 °C,
representing typical moderate climatic conditions. Ambient air (assumed as a mixture of
nitrogen and oxygen only) was supplied to the compression train with a mass flow rate of
51 kg-s~1, which resulted in a total charging power of 42.4 MW.

The air liquefaction section operated at a maximum pressure of 200 bar, while the
regasification and expansion section operated at 100 bar. To ensure balanced operation
and numerical stability, the pressure ratios of compressors and expanders were equalized
across individual stages.
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Figure 2. Visualization of the model implementation in Aspen Hysys.

The performance of turbomachinery was represented using constant isentropic ef-
ficiencies. The adiabatic efficiency of compressors was assumed to be 82%, while the
expanders were assigned a higher efficiency of 90%, reflecting typical performance ranges
for industrial-scale equipment. For instance Bhavsar et al. [30] presented a centrifugal air
compressor with an efficiency of 84.4%, Li et al. [31] examined a five-stage axial compressor
for Compressed Air Energy Storage (CAES), obtaining isentropic efficiencies of 89.3%, and
Heidarian et al. [32] showed an axial compressor with efficiency 80.6%. For air expanders
an efficiency of 90% was shown in [6,15], 89.94% in [33], and 88.47% in [34].

Liquid-air pressurization was modelled using a cryogenic pump with negligible
heat exchange with the environment. Thermal energy storage units were represented as
ideal heat reservoirs with fixed inlet and outlet temperatures, allowing effective coupling
between the charging and discharging processes.

The charging process involved multistage air compression, intercooling, cryogenic
cooling, and liquefaction, followed by storage in a cryogenic tank. The discharging process
included liquid-air pumping, regasification using stored thermal energy, and multistage
expansion for electricity generation.

The discharging power output was dependent on the charging-to-discharging time ratio
(CDTR). For a CDTR value of 2, the calculated discharging power was 49.43 MW, indicating
effective power amplification due to thermal energy recovery and liquid-air pumping.

The overall round-trip (storage) efficiency of the LAES system was calculated as 58.3%,
defined as the ratio of electrical energy generated during discharge to the electrical energy
consumed during charging. This value lies well within the range reported in the literature
for advanced LAES systems, exceeding 50% [35], and remaining comparable with values of
approximately 50% [36], 48% [14], and 54.16-59.42% [37].

The agreement with previously published results confirms the validity of the mod-
elling approach and parameter selection, and supports the credibility of the developed
Aspen HYSYS model for further parametric and optimization studies.

The main thermodynamic parameters of all process streams, including tempera-
tures, pressures, mass flow rates, and phase compositions, are summarized in Table A1
(Appendix A).
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4. Results and Analysis

This section presents a parametric analysis of the influence of ambient air temperature
on the performance of the LAES system modelled in Aspen HYSYS. As the charging process
of LAES is dominated by air compression, the system performance is inherently sensitive
to inlet air conditions, particularly temperature. Compressors, as volumetric machines,
typically operate at nearly constant volumetric flow rates; therefore, changes in air density
due to ambient temperature variations directly affect the inlet mass flow rate, compression
work, and overall energy consumption.

In practical applications, LAES installations are expected to operate under variable cli-
matic and site-specific conditions, depending on geographic location and seasonal weather
patterns. To account for this variability, the present study investigates ambient air tempera-
tures in the range of 0-35 °C, which represents typical operating conditions encountered in
many regions worldwide.

The analysis focuses on the following points:

Variations in inlet air mass flow rate;
Unit energy expenditures for air liquefaction and unit energy gains during expansion;
Round-trip efficiency of the storage system;

Total charging and discharging power output.

Figure 3 presents the inlet air mass flow rates for the analyzed ambient temperatures.
Relative to the base-case condition of 15 °C, the mass flow varies from +5.49% at 0 °C
to —6.47% at 35 °C. This trend is a direct consequence of changes in air density with
temperature, confirming the expected behavior of volumetric compression systems.

Mass flow inlet [kg/s]

53.80 52.85
. 51.90 51.00 50.10
. A 49.20 48.42 47.70

51

2

31

21

11

1
0°C 5°C 10°C 15°C 20°C 25°C 30°C 35°C

Figure 3. Inlet mass flow for analyzed ambient temperatures.

Despite these variations in mass flow, the unit energy expenditures for air liquefaction
remain within a relatively narrow range of 0.219-0.247 kWh-kg !, as shown in Figure 4.
Compared to the reference case at 15 °C, the observed deviations are limited to —5.1%
at 0 °C and +6.9% at 35 °C, indicating moderate sensitivity of the liquefaction process to
ambient conditions.

Importantly, these values are in good agreement with those reported in the literature
for high-pressure LAES and cryogenic air liquefaction systems, which typically range
between 0.189-0.295 kWh/kg [38], 0.255 kWh/kg [27], 0.184 kWh/kg [39]. This consistency
further validates the adopted modelling approach and confirms that the simulated system
operates within realistic thermodynamic limits.

An increase in ambient temperature also influences the unit energy gains during the
expansion process, as illustrated in Figure 4. Higher inlet temperatures lead to increased
air temperatures at the expander inlets after regasification, which enhances the specific
expansion work. The relative changes in unit energy gains range from —5.3% at 0 °C to
+7.12% at 35 °C with respect to the baseline case.

https://doi.org/10.3390/en19010171
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Unit energy expenditures/gains
030
0.239 0.243 0.247

0% oo 0.223 0.227 0.231 0.235

0.20

144
0.15 127 130 132

W 778 7 7 7 AM A

Inlet temperature

m Unit energy expenditures for liquefaction [kWh/kg] 7. Unit energy gains in discharging process [kWh/kg]

Figure 4. Unit energy expenditures/gains.

The slightly higher sensitivity of expansion energy gains, compared to liquefaction
energy expenditures, may be attributed to differences in assumed turbomachinery effi-
ciencies, as well as to the thermodynamic advantage of higher inlet temperatures during
expansion. This effect partially compensates for the reduction in mass flow observed at
elevated ambient temperatures.

The combined effects of temperature-dependent changes in liquefaction energy de-
mand and expansion energy recovery result in a nearly constant round-trip efficiency,
as shown in Figure 5. Across the investigated temperature range, the variation in effi-
ciency remains within approximately 0.1%, which can be considered negligible from a
practical standpoint.

Efficiency

58.50%

58.45% 58.43%

58.40%
58.40% 58.37%
58.34%
58.35% 58.31%
58.30% 58.27%
58.25% 58.24%
' 58.20%
58.20%
58.15%
58.10%
58.05%
58.00%
0°C 5°C 10°C 15°C 20°C 25°C 30°C 35°C

Figure 5. Round-trip efficiency for analyzed ambient temperatures.

This result demonstrates that ambient temperature has no significant impact on the
overall efficiency of the LAES system, despite its influence on individual process parameters.
Such robustness is a highly desirable feature for large-scale energy storage technologies, as
it ensures stable performance under varying climatic conditions.

Although the round-trip efficiency remains almost unchanged, variations in inlet mass
flow affect the absolute charging and discharging power levels. Figures 6 and 7 present the
total charging and discharging power for the analyzed temperatures.
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Charging power [MW]
426

42.5
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42.41
42.39 42.39 42.39 4238
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42.
421
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Figure 6. Charging power for analyzed ambient temperatures.

w

N

35°C

Discharging power [MW)]

4235 4953

49.51
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49.45 49.46

49.45 49.44 49.43

49.40
49.40 | 4938
; I I
49.30

le 5°C 10°C 15°C 20°C 25°C 30°C

Figure 7. Discharging power for analyzed ambient temperatures, CDTR = 2.

35°C

As shown in Figure 6, the charging power slightly decreases with increasing ambient
temperature, primarily due to the reduced inlet mass flow rate. The maximum observed
difference between extreme cases (0 °C and 35 °C) is approximately 0.05 MW, which is
negligible when compared to the nominal charging power of approximately 42.4 MW.

Conversely, the discharging power increases slightly with ambient temperature, as
depicted in Figure 7 for a charging-to-discharging time ratio (CDTR) of 2. This trend can be
explained by the higher thermal energy content of the working fluid at elevated tempera-
tures, which outweighs the adverse effect of reduced mass flow on expander performance.

The results of this analysis indicate that LAES systems are largely insensitive to
ambient temperature variations in terms of efficiency, while only marginal changes in
charging and discharging power occur. This confirms that LAES technology can be effec-
tively deployed across a wide range of climatic conditions without the need for significant
performance derating or system redesign.

Consequently, the presented findings reinforce the technical viability and operational
flexibility of LAES as a large-scale, long-duration energy storage solution, supporting its
applicability in diverse geographic locations and energy system configurations.

5. Outcomes

The results of the simulations and thermodynamic analysis clearly demonstrate that
ambient temperature exerts only a limited influence on the overall performance of the
adiabatic LAES system. Across the investigated ambient temperature range of 0 °C to
35 °C, only minor variations were observed in key operational parameters, highlighting
the system’s high degree of thermal robustness under diverse climatic conditions.

Most notably, the round-trip efficiency of the installation remained practically constant,
with values fluctuating around 58.3%. The observed deviations did not exceed £0.1%,

https://doi.org/10.3390/en19010171


https://doi.org/10.3390/en19010171

Energies 2026, 19, 171

11 of 14

indicating that adiabatic LAES systems can be effectively deployed in diverse geographic
regions without significant efficiency losses. This result indicates that adiabatic LAES
systems can be deployed across a wide range of geographic locations without experienc-
ing meaningful efficiency degradation. Such stability reinforces the suitability of LAES
technology for large-scale and long-duration energy storage in both temperate and warm
climates. Changes in ambient temperature primarily affected the inlet mass flow rate of air.
Compared to the baseline condition at 15 °C, the mass flow increased by approximately
5.5% at 0 °C and decreased by around 6.5% at 35 °C. This behavior can be attributed to
the nature of volumetric compressors, which operate at a constant volumetric flow rate.
Consequently, the mass of air processed depends directly on air density, which varies
with temperature.

The specific energy consumption for the air liquefaction process also exhibited slight
sensitivity to ambient temperature. Values ranged from 0.219 to 0.247 kWh/kg. These
results remain fully consistent with values reported in the literature for high-pressure LAES
configurations. A gradual increase in liquefaction energy demand was observed with
rising ambient temperature, reflecting the higher compression work required at reduced air
densities. In parallel, the specific energy recovered during the expansion process increased
with temperature, displaying a slightly stronger temperature dependence. This asymmetry
can be attributed to differences in the thermodynamic behavior and assumed efficiencies
of compressors and expanders, as well as the beneficial effect of higher expander inlet
temperatures on expansion work.

Although the round-trip efficiency remained stable, the total charging and discharging
powers varied modestly due to the changes in mass flow. Charging power decreased
slightly at higher ambient temperatures, resulting from lower air density, while discharging
power increased slightly, benefiting from elevated temperatures at the expander inlets.
These opposing effects effectively compensated for each other, further emphasizing the
stable operational characteristics of the LAES system.

In conclusion, the analysis confirms that ambient temperature exerts only a marginal
influence on the efficiency and performance of LAES systems. Therefore, such installations
can be considered a technically viable and climate-resilient solution for large-scale energy
storage, supporting the integration of intermittent renewable energy sources across various
environmental conditions.
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Appendix A

Table A1l. Main stream parameters for baseline case (T mpient = 15 °C).

Stream Medium Vapor Fraction Temperature [°C] Pressure [kPa] Mass Flow [kg/s]

1 air 1 15.0 100.0 51.00

2 air 1 15.0 100.0 59.37

4 air 1 241.3 590.0 59.37

5 air 1 20.0 590.0 59.37
T5 n-C20 0 241.7 100.0 79.57
Tba n-C20 0 241.7 100.0 79.57
T6a n-C20 0 98.4 100.0 79.57
Téb n-C20 0 15.0 100.0 79.57
Téc n-C20 0 15.0 100.0 79.57
7 air 1 246.7 3400.0 59.37

8 air 1 20.0 3400.0 59.37
10 air 1 251.4 20,000.0 59.37
11 air 1 20.0 20,000.0 59.37
12 air 0 —179.0 20,000.0 59.37
13 air 0.142797 —188.0 200.0 59.37
14 air 1 —188.0 200.0 8.36
15 air 1 15.0 200.0 8.36
15a air 1 15.0 200.0 8.37
16_17 air 0 —188.0 200.0 51.02
19 air 0 —182.7 10,000.0 51.02
20 air 1 —61.0 10,000.0 51.02
21 air 1 14.7 10,000.0 51.02
22 air 1 236.7 10,000.0 51.02
24 air 1 754 2154.4 51.02
25 air 1 236.7 2154.4 51.02
27 air 1 76.8 464.2 51.02
28 air 1 236.7 464.2 51.02
30 air 1 77.3 100.0 51.02
31_32 propane 0 —60.0 100.0 62.03
33_34 propane 0 —180.0 100.0 62.03
35_36 methanol 0 20.0 100.0 18.51
37_38 methanol 0 —60.0 100.0 18.51
38 n-C20 0 236.3 100.0 25.25
39 n-C20 0 241.7 100.0 25.82
40 n-C20 0 246.4 100.0 28.50
41 n-C20 0 241.7 100.0 26.26
42 n-C20 0 241.7 100.0 26.26
43 n-C20 0 241.7 100.0 27.05
44 n-C20 0 49.7 100.0 26.26
45 n-C20 0 117.4 100.0 26.26
46 n-C20 0 124.3 100.0 27.05
47 n-C20 0 15.0 100.0 25.25
48 n-C20 0 15.0 100.0 25.82
49 n-C20 0 15.0 100.0 28.50
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